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Summary
In this work, a detailed three-dimensional numerical model of porous volumetric
receivers coupled to point-focus solar concentration systems is developed and used
to optimise the thermal efficiency and pressure drop. A cylindrical receiver element
made of open-cell SiC ceramic foam is considered using air as heat transfer fluid,
and a parabolic dish concentrator is simulated to generate the concentrated solar
radiation flux at the receiver inlet. The propagation and absorption of solar radiation
is modelled through an in-house Monte Carlo Ray Tracing (MCRT) algorithm, in
which the asymmetry factor of the scattering phase function was determined by
combining this method with experimental measurements of hemispherical diffuse
reflectance for five different samples. The fluid flow and heat transfer processes are
simulated through a Computational Fluid Dynamics (CFD) model based on the
Local Thermal Non-Equilibrium approach, developed using an open source software
(OpenFOAM). The global model is used to conduct a comprehensive parametric
analysis and optimisation where the geometric parameters of the receiver (porosity
and pores size) and concentration system and the fluid flow conditions that maximise
the performance of porous volumetric receivers are obtained. It was found that the
main thermal losses are due to the backscattering, and the conditions to achieve
high thermal efficiency while not increasing pressure drop correspond to receivers
with higher porosity and pores size. For a given porosity, there is a pores size that
maximise thermal efficiency, being this value lower for increasing porosity. It was
also found that the optimum geometric parameters do not depend significantly on
the velocity at the receiver inlet, and thus the mass flow rate of heat transfer fluid




Modelação e otimização de recetores volumétricos porosos em sistemas
de concentração solar de foco pontual
Neste trabalho foi desenvolvido um modelo numérico tridimensional detalhado de
recetores volumétricos porosos acoplados a sistemas de concentração solar de foco
pontual, e depois usado para otimizar a eficiência térmica e a queda de pressão. Foi
considerado um elemento de recetor cilíndrico feito de espuma cerâmica de SiC de
células abertas usando ar como fluido de transferência de calor, e foi simulado um
concentrador de disco parabólico para gerar o fluxo de radiação solar concentrada na
entrada do recetor. A propagação e absorção de radiação solar é modelada através
de um algoritmo de Monte Carlo de Traçamento de Raios (MCRT), onde o fator de
assimetria da função de fase de espalhamento de radiação foi determinado combinando
esse método com medições experimentais de refletância difusa hemisférica de cinco
amostras diferentes. O escoamento e os processos de transferência de calor são
simulados num modelo de Dinâmica dos Fluidos Computacional (CFD) baseado na
abordagem de Não-Equilíbrio Térmico Local, que foi desenvolvido usando um software
de código aberto (OpenFOAM). O modelo global é usado para fazer uma análise
paramétrica abrangente e otimização, onde são obtidos os parâmetros geométricos do
recetor (porosidade e dimensão dos poros) e do sistema de concentração e as condições
de escoamento que maximizam o desempenho de recetores volumétricos porosos.
Verificou-se que as principais perdas térmicas são devidas ao retroespalhamento e
que as condições para obter alta eficiência térmica sem aumentar a queda de pressão
correspondem a recetores com maiores porosidades e tamanho dos poros. Para uma
dada porosidade, existe um tamanho dos poros que maximiza a eficiência térmica,
sendo esse menor quando maior a porosidade. Verificou-se também que os parâmetros
geométricos ótimos não dependem significativamente da velocidade na entrada e,
assim, o caudal do fluido de transferência de calor pode ser escolhido em função da
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Concentrated solar power plants (CSP) are one of the most promising clean technolo-
gies to replace conventional fossil fuel power plants that contribute to global warming
due to greenhouse gas emissions [1, 2]. In the conventional power plants based on the
Rankine cycle, vapour at high temperature and pressure is generated through burning
of fossil fuels (thermal energy) which is then used to drive a turbine (mechanical
energy) that is coupled to an electrical generator. In CSP plants, the same energy
conversion process is applied to convert thermal to electrical energy, but in this case
the vapour is generated through concentration of solar radiation, which makes it a
clean technology. Most actual CSP plants use the water/vapour Rankine cycle in
the power block, while thermal oil or molten nitrate salts are used as heat transfer
fluids in the solar concentration field and in thermal energy storage. Improving the
efficiency of CSP plants is the first step to reduce the energy production cost, which
will make them more competitive against conventional technologies [3].
The efficiency of power cycles increases with the temperature difference between
the hot and cold sides according to the Carnot’s theorem. Therefore, a fundamental
solution to increase the efficiency of thermal to electric conversion is making the
CSP plants to work with higher temperatures. However, CSP plants are not yet
adapted for very high temperatures due to the limitation of the currently used
heat transfer fluids to support temperatures above 600 ◦C [3] in the case of molten
salts and about 400 ◦C in the case of thermal oils. In this sense, research is being
targeted to point-focus solar concentration systems coupled to new designs of thermal
receivers and heat transfer fluids capable of withstand high temperatures. Among
such point-focus solar concentration systems are solar tower [4] and parabolic dish
[5] technologies. For the heat transfer fluid, gases are being proposed and tested,
such as, air [6, 7, 8] and carbon dioxide at supercritical conditions [9], due to their
capabilities to support higher temperatures and to achieve higher efficiencies when
combined with Brayton cycles. Regarding high-temperature solar thermal receivers,
new configurations are being proposed aiming to use gases as heat transfer fluid. The
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main configurations, design and optimisation challenges of these high temperature
thermal receivers are addressed in the following section. Among these receivers, a
special attention is given to the porous volumetric thermal receivers.
1.2 High-temperature solar thermal receivers
The high-temperature thermal receivers in point-focus solar concentration systems
are designed for using gases as heat transfer fluid [10]. The work by Sedighi et al.
[10] presents an in-depth look of their configurations, working principle and recent
progresses. It is shown that these receivers present the best near-term solution to push
CSP systems to higher temperatures, enabling integration with advanced/combined
power cycles. Regarding their configurations, these receivers can be divided into two
main groups [10]: (i) indirectly-irradiated receivers, in which a physical separation
exists between the heat transfer fluid and the surface where concentrated solar
radiation is absorbed; and (ii) directly-irradiated receivers, where the heat transfer
fluid is in direct contact with the surface where concentrated solar radiation is
absorbed. Among the indirectly-irradiated receivers, the tubular receiver is the most
mature technology [10]. This configuration consist in an array of thin-walled tubes
(normally made of stainless steel), where a pressurized gas flows inside the tubes and
the external surface is exposed to the concentrated solar radiation [3]. Sedighi et al.
[10] presented a summary of the main designs and thermal performance of tubular
receivers. The main drawbacks are the pressure drop in the tubes and the thermal
resistance between the heat transfer fluid and the surface where the solar radiation
is absorbed [10]. This is one of the reasons for the emergence and development
of the directly-irradiated receivers which present very low thermal resistance. The
pressure drop still is a problem in this case, but which nevertheless can be minimised.
This type of receivers can be divided in two main groups: (i) with a fixed porous
structure as absorber; and (ii) suspended solid particles in a gas [10]. The receivers
with porous structure [8], also known as porous volumetric receivers, have been
studied more thoroughly. In these receivers, solar radiation is absorbed in a volume
filled with a porous structure, through which also flows the heat transfer fluid, thus
converting solar radiation to thermal energy [11]. The main advantages of these
receives are that the fluid is in direct contact with the surface where solar radiation
is absorbed and the very high heat transfer area between the solid structure and
the fluid. These two characteristics decrease the thermal resistance, which improves
the thermal performance, and increase both temperature and power density, that is,
the heat exchanged per unit volume, which is an important feature for the design of
high-temperature receivers in CSP plants with high concentration factors.
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1.2.1 High-temperature porous volumetric receivers
Porous volumetric receivers are drawing attention due to their capabilities to achieve
high values of outlet temperature and thermal efficiency [3]. Ávila-Marín [11] reviewed
porous volumetric receivers development in CSP plants. The author identified the
different receiver configurations, materials, power plant configurations, advantages
and main problems. Regarding the geometry of porous volumetric receivers, there
are two main configurations, which are honeycomb and open-cell structures [12]. The
honeycomb structures comprise parallel channels oriented in the fluid flow direction
and arranged in a hexagonal shape, while the open-cell structures are formed by
randomly packed open cells. The materials of the solid structure may be metal or
ceramic [11], with the ceramic materials, such as silicon carbide (SiC) foam, being the
most used because of their resistance to oxidising atmospheres, high melting point,
low thermal expansion and thermal shock resistance. These properties make them
more suitable for the high temperature applications [13, 12]. Other configurations
of porous volumetric receivers can also be found in literature, as for example in the
work of Jafari and Wits [14]. Regarding their integration in CSP plants, there are two
main configurations, which are open-loop (open volumetric receiver) and closed-loop
(pressurized volumetric receiver) systems [11]. The first uses atmospheric air as heat
transfer fluid, while the second uses a pressurized gas. For example, Stadler et al.
[15] performed a Computational Fluid Dynamics (CFD) analysis of the thermal
performance of an open volumetric receiver integrated with a tower type CSP plant.
They found thermal efficiencies of 70.9% and 75.4% and mean fluid temperatures
at outlet of 650 ◦C and 450 ◦C, respectively, which agreed well with experimental
measurements. Several studies on these receivers focused on their numerical modelling
aiming to obtain thermal and hydrodynamic performances, as discussed in the next
sections.
1.2.2 Modelling approaches to simulate the performance of porous volumetric receivers
The main strategies adopted for modelling porous volumetric receivers in CSP
systems are reviewed by Avila-Marin et al. [16]. Due to the complexity of modelling
solar radiation propagation and absorption in the three-dimensional geometry of the
porous structure, as well as fluid flow and heat transfer, some simplifications for its
geometry are usually considered. There are two main approaches in the numerical
modelling of porous volumetric receivers. The first is the continuous-scale approach
(CSA) [17], where the porous media is assimilated to a continuous semi-transparent
medium and the volume-averaged concept is used. The other approach is the discrete-
scale approach (DSA) [18], where the porous structure is modelled explicitly using a
detailed description of the pores geometry. In the DSA approach, the pores geometry
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must be fully described, while in the CSA this complexity is not modelled in such
detail. Beyond these two methods, Xia et al. [19] and Li et al. [20] proposed a
new method known as scale-coupled approach (SCA). This method consists in the
combination of the CSA and DSA into a single computational domain, which allows
to unite the advantages of both methods, that is, less computational effort (CSA) and
accurate prediction of local radiative properties (DSA). Regarding the application
of porous volumetric receivers, research is focused on describing energy conversion
on macroscopic scale, not in pores scale, which makes the CSA very suitable and
the most used approach, since it also requires much less computational effort in
comparison to the DSA and SCA methods. Regarding the heat transfer between the
solid matrix structure and the fluid, among the various numerical methods available,
there are two main approaches used in the case of porous volumetric receivers [11, 16].
The first is the local thermal equilibrium model (LTE), in which the temperatures of
the solid and fluid are assumed to be the same, and thus only one energy equation is
needed. The second is the local thermal non-equilibrium model (LTNE), in which
the temperature of the two phases are considered different, and thus two energy
equations are included in the model, one for the solid and other for the fluid, where
the heat transfer between them should be described. The LTNE is the most used
approach, because of the better accuracy when significant temperature difference
between the two phases are expected.
1.2.2.1 Propagation and absorption of solar radiation
Modelling of solar radiation propagation and absorption in porous media plays an
important role in theoretical studies of porous volumetric receivers, because the
absorbed radiation is the heat source to the receiver. Modelling is usually conducted
considering the porous media as a continuum semi-transparent and participating
medium (CSA) where the absorption, emission and scattering phenomena are mod-
elled. The fluid is usually considered as a non-participating media of radiation.
Radiation propagation and absorption in participating media is well established in
literature, as for example in the works of Modest [21] and van de Hulst [22]. There are
two main approaches. The first is solving the broadband radiative transfer equation
assuming the integration of thermal (infrared) and solar radiation (visible) using one
suitable method, as for example the P1 approximation of the spherical harmonics
method [23]. The second is modelling separately the propagation and absorption
of solar radiation using the Monte Carlo Ray Tracing (MCRT) method [24], and
the thermal radiation exchange through the P1 method. The MCRT is the most
used strategy due to the high accuracy and simplicity [25, 26]. There are two main
approaches in the MCRT method, which are: computation of ray packages with a
specific statistical weight [25], in which energy absorption occurs in every interaction
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point and their energy decreases gradually; and modelling the propagation of each
ray, one by one, until they are absorbed or exit the system [26].
The flux of concentrated solar radiation at the receiver aperture is also an
important aspect to consider. In some works a Gaussian distribution of solar radiation
is considered [27], however, the concentration system (heliostat field or parabolic
dish, for example) can also be modelled through the MCRT method [26]. In the
work of Cui et al. [25], solar radiation propagation in a volumetric receiver was
modelled using the MCRT method through the ray packages approach and assuming
an uniform solar radiation flux in the receiver aperture. On the other hand, in the
work by Chen et al. [26], the MCRT is also used with the single ray approach, while
a parabolic dish concentrator was modelled to generate the concentrated radiation
field. After solar radiation propagation and absorption in the receiver are modelled,
the spatial distribution of absorbed radiation is then used in the energy equation of
the solid structure (Section 1.2.2.2). Modelling of radiation propagation in porous
media by describing the pores scale geometry (DSA) is mostly used to extract the
radiative properties of the porous media, as discussed in Section 1.2.3.
1.2.2.2 Fluid flow and heat transfer
To obtain the thermal and hydrodynamic performances of porous volumetric receivers,
the fluid flow and heat transfer including the thermal radiation (infrared) exchange
must be modelled. Fluid flow and heat transfer modelling in porous media is well
established in literature, as for example, in the work of Vafai [17] and Bejan et al.
[28], and in the work of Modest [21] for the thermal radiation exchange. The CSA is
the most used approach for modelling radiative heat exchange in porous media. For
the fluid flow modelling, the volume averaged (CSA) mass and momentum conser-
vation equations are solved [17], which are similar to the Navier-Stokes equations
but considering the volume averaged concept and including a source term in the
momentum equation based on the Darcy–Forchheimer model to represents the porous
media [17]. Several other works describe the pressure drop in porous media as, for
example, the works by Wu et al. [29] and Nie et al. [30]. For the heat transfer, the
local thermal non-equilibrium (LTNE) approach between the solid and fluid is most
often used, and an energy equation of each phase is solved. The heat transfer between
the solid and fluid (convection) is being described with correlations obtained through
modelling of ideal 3D structures and through experimental measurements [31, 32, 33].
The thermal radiation exchange inside the solid matrix structure is modelled by
solving the radiative transfer equation, where the P1 approximation of the spherical
harmonics method [21] is most often used.
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1.2.3 Radiative properties of porous media
For an accurate modelling of radiation propagation in porous volumetric receivers,
the radiative properties of the porous media must be known in detail. Considering the
CSA, the radiative properties of interest are the absorption, scattering and extinction
coefficients (the latter is the sum of the first two), scattering albedo (ratio between
the scattering and extinction coefficients), scattering phase function and emissivity of
the solid material [34]. Several studies have been conducted on the prediction of these
properties, which can be divided in two main approaches. The first is the combination
of experimental measurements with numerical modelling [35] (usually through the
CSA) to predict the equivalent volumetric radiative properties. The other approach
consists in modelling an idealized structure of the porous media (DSA) obtained
through a computational algorithm [34], or modelling the real structure obtained
through tomography techniques [36, 37], which allows an accurate prediction of the
local radiative properties. In both approaches, the Monte Ray Carlo Tracing (MCRT)
method is used to model the radiation propagation. The extinction coefficient has
been proved to depend of the geometric parameters (porosity and pores size) and that
the scattering albedo depends of the radiative properties of the solid material [34].
The scattering phase function, is one of the most important and difficult radiative
properties to estimate. Different phase functions have been proposed for modelling
porous volumetric receivers, as can be found, for example, in the works by Zhao et al.
[38] and Hou et al. [39].
1.2.4 Optimisation of porous volumetric receivers
Numerical models are also used for optimisation of porous volumetric receivers. They
can be used to find optimum geometries of porous structures (porosity and pores size)
and fluid flow conditions that maximise the performance of the receiver. Such studies
are mainly focused on the: (i) improvement of temperature distribution in the receiver
in order to avoid hot spots [40, 41], which can damage the receiver material; and (ii)
maximisation of thermal efficiency while keeping low fluid flow resistance [42, 43].
Different techniques can be used to optimise the temperature distribution, such
as, receivers with composite porous structures (different porosities) [40], receivers
with gradual variation of porosity and pores size [41, 44], and optimisation of the
concentrated solar radiation flux at the receiver aperture [45]. However, only a few
studies on detailed parametric analysis and optimisation of thermal (efficiency and
mean fluid temperature at outlet) and hydrodynamic (pressure drop) performances
are found in literature. One of these few examples is the work by Du et al. [43],
where a genetic algorithm is coupled to a numerical model aiming to find the receiver
configuration that maximises the thermal efficiency and keeps low fluid flow resistance.
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1.3 Objectives of the thesis
The purpose of this work is the development and validation of a detailed three-
dimensional numerical model of porous volumetric receivers coupled to point-focus
solar concentration systems and the use of that global model to optimise the receiver.
For this purpose, the following phenomena are considered: (i) concentration of solar
radiation; (ii) propagation and absorption of solar radiation in the porous receiver;
(iii) flow of the heat transfer fluid; (iv) heat transfer between the fluid and the solid
structure; and (v) thermal radiation exchange in the receiver. Once the global model
is developed and validated, it will be used to study thermal and hydrodynamic
performance of porous volumetric receivers with different: (i) porous structures; (ii)
concentrated solar radiation flux in the inlet; and (iii) fluid flow conditions, aiming
to provide answers to the current challenges on these receivers optimisation.
1.4 Outline of the thesis
This thesis comprises six chapters. Chapter 1 presents a general introduction to the
thesis and the review of the state of the art regarding the porous volumetric receivers
modelling and optimisation. Chapter 2 presents a three-dimensional modelling and
analysis of solar radiation propagation and absorption in porous volumetric receivers.
A parabolic dish was used to generate the concentrated solar radiation field at the
receiver inlet, and a Monte Carlo Ray Tracing (MCRT) was developed to study the
radiation propagation and absorption in a cylindrical receiver element made of open-
cell ceramic foam. Chapter 3 presents the Computational Fluid Dynamics (CFD)
modelling and thermal performance analysis of porous volumetric receivers coupled
to solar concentration systems, using the same concentration system and geometry
of the receiver from Chapter 2. Chapter 4 addresses the combined experimental
and numerical determination of the asymmetry factor of scattering phase function
in porous volumetric solar receivers. Diffuse reflectance of five different samples is
measured and the MCRT method described in the Chapter 2 is used to simulate the
same conditions of the experimental apparatus. Chapter 5 addresses a parametric
analysis and optimisation of porous volumetric solar receivers made of open-cell
SiC ceramic foam. The global model that results from coupling the solar radiation
absorption model (Chapter 2) with the fluid flow and heat transfer model (Chapter
3), using the radiative properties determined from experimental measurements
and numerical simulations (Chapter 4), was used to investigate the thermal and
hydrodynamic performance of receivers with different internal geometries (porosity
and pores size) and different fluid flow conditions. Chapters 2 through 5 are published
papers to international peer-reviewed journals, as presented in the List of Papers.
Chapter 6 presents the general conclusions.
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Chapter 2
Three-dimensional modelling and analysis of solar radiation
absorption in porous volumetric receivers†
Abstract
This work addresses the three-dimensional modelling and analysis of solar
radiation absorption in a porous volumetric receiver using the Monte Carlo
Ray Tracing (MCRT) method. The receiver is composed of a solid matrix
of homogeneous porous material and isotropic properties, bounded on its
side by a cylindrical wall that is characterized through a diffuse albedo. The
Henyey-Greenstein phase function is used to model the radiation scattering
inside the porous media. The effect of the angle of incidence, optical thickness
(porosity, pores size and height of the receiver), asymmetry factor of the
phase function and wall properties on the solar radiation absorption in the
porous media is studied in order to obtain the receiver efficiency as a function
of these parameters. The model was validated by comparing the results
for a simple geometry composed of a long slab of finite thickness with the
values available in the literature, and then tested with a cylindrical receiver
using a parabolic dish as concentration system with a concentration factor of
500. A peak of absorbed solar radiation of 156 MW m−3 and an absorption
efficiency of 90.55% were obtained for a phase function asymmetry factor of
0.4 (forward scattering) and scattering albedo and extinction coefficient of
0.54 and 100 m−1, respectively. The results for the diffuse reflectance, diffuse
transmittance and absorption are also presented. The model developed in this
work is useful to obtain and understand the energy absorption distribution
in porous volumetric receivers coupled to solar concentration systems, when
different porous structures and geometric parameters are used.
Keywords: Solar energy; Solar concentration; Volumetric receiver; Porous media;
Monte Carlo ray tracing.
†Germilly Barreto(1), P. Canhoto(1), and M. Collares-Pereira(1). Three-dimensional modelling and
analysis of solar radiation absorption in porous volumetric receivers. Applied Energy, 215:602-614, 2018.
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2.1 Introduction
Non-linear solar concentration systems are promising technologies to replace the
conventional generation of electricity based on fossil fuels [1]. In recent years, a
notable progress in concentrating solar thermal energy was achieved in terms of
improving reflector designs, materials and heat transfer fluids, thermal to electric
energy conversion and energy storage [2]. In these systems, two important components
are the solar concentrators, which should concentrate the solar radiation on the
thermal receiver, and the thermal receiver itself, where solar radiation is converted
to thermal energy. In the recent work of Ho and Iverson [3], a description of typical
configurations of solar thermal receivers is made and, according to that work, the
volumetric thermal receivers present great challenges from the point of view of their
numerical modelling and optimization. The volumetric receivers with solid matrix
(porous media) have been under investigation, mainly due to their capability to
achieve high values of temperature and thermal efficiency, being one of the most
promising technologies to improve the thermal efficiency of solar concentration power
systems [4, 5, 6, 7]. In the work of Ávila-Marín [8], a chronological review of volumetric
receivers development associated with concentrating solar power (CSP) plants is
presented. The author identified the various receiver configurations, materials, power
plant configurations, advantages and main problems.
In terms of modelling porous volumetric receivers associated with CSP plants, the
recent work of de la Beaujardiere and Reuter [9] presents a review of performance
modelling of these systems, including the energy conversion system, the thermal
energy storage and the receiver modelling. Regarding the receiver modelling, two
different fields of study can be identified. One of them is the absorption of solar
radiation in the porous media, in which the Monte Carlo Ray Tracing (MCRT)
method [6, 10, 11] is used, and the other one is the integration of solar radiation
absorption with fluid flow and heat transfer modelling in order to obtain the thermal
performance of receivers [7, 12, 13]. The MCRT method used to describe the light
transport in biological media [14, 15, 16] can be also used to solve the problem of
light transport in porous media with solid matrix [6, 10, 11]. In this case, there are
two possible approaches: one is the computation of the propagation of ray packages
with a specified statistical weigth [10, 11, 14], in which energy absorption occurs in
every interaction point and their energy decreases gradually; and the other one is
the modelling of propagation of each ray, one by one, until they are absorbed or exit
the system [6].
Wang et al. [14] addressed the light transport in multi-layered tissues using MCRT
method and presented the results of diffuse reflectance and transmittance as function
of the exit angle, which were validated with data from the work of van de Hulst [17].
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Gao et al. [18] modelled and studied the effect of incidence angle, optical thickness
and asymmetry factor on the diffuse reflectance of a infinite slab turbid medium.
They found that for large optical thickness and small incidence angles, the angular
distribution of diffuse reflectance is similar to that of Lambertian surface. In the work
of Cui et al. [10], solar radiation propagation in a pressurized volumetric receivers was
modelled using the MCRT method and assuming a solar radiation flux in the front
face of the receiver while a non-uniform cylindrical coordinate grid was employed in
the statistical analisys of energy distribution. This technique reduces the number of
cells and computation time compared to that for a uniform grid. He et al. [11] did
a similar study but using a heliostat field as concentration system. In other works
[10, 11, 14], the MCRT method was based on the propagation of ray packages while
in the work of Chen et al. [6] the same method was implemented by computing the
propagation of every single ray. They used a parabolic dish as the concentration
system and studied the effects of porous structure parameters, slope error of the
concentrator and receiver misalignment on the performance of the receiver. Zhao and
Tang [19] used the MCRT method to determine the extinction coefficients of silicon
carbide porous media based on the Fresnel and Beer laws in order to obtain the
optical properties of the porous media. They concluded that the extinction coefficient
of the silicon carbide strongly depends on the porosity and pores size. Gomez-Garcia
et al. [20] modelled the radiation propagation in a porous volumetric receiver with a
stack of thick square grids and also analysed the influence of geometric parameters
in the receiver performance, such as the grid length and the gap between consecutive
layers.
The thermal energy in the receiver is collected using a heat transfer fluid, which will
transfer heat to a thermodynamic cycle that converts thermal to mechanical energy
and then to electrical energy through an electric generator. Recently, Benoit et al. [21]
did a review of current and future liquid, gas, supercritical, two-phase and particulate
heat transfer fluids. Using air as heat transfer fluid in porous volumetric receivers
offers significant advantages, such as high conversion efficiency, low environmental
impact and the possibility of being used in deserts or other isolated regions with
scarce water resources [22].
Regarding the heat transfer processes in the receiver, Capuano et al. [23] presented
an overview of various numerical modelling approaches of solar radiation conversion
when air is used as heat transfer fluid, developed at the German Aerospace Center
(DLR), and results for different numerical models are compared with experimental
measurements. Fuqiang et al. [24] studied the effect of using different radiative
transfer models (P1 and Rosseland approximation) on the heat transfer modelling of
a porous media solar receiver by combining the MCRT method and CFD modelling.
They concluded that the difference in the maximum temperature in the solar receiver
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between these two approximations is small. According to the work of Smirnova et al.
[25], the volumetric receivers are exposed to severe thermal loads, where maximum
temperatures of more than 1000 ◦C are reached. These high thermal loads might
reduce the lifetime of the receivers. In this way, Smirnova et al. [25] conducted a
study where the effect of thermal loads in the receiver is quantified. They presented
the mechanical stresses and the maximum thermal load up to which the receiver
should be operated. Recently, Gomez-Garcia et al. [26] presented a review of thermal
and hydrodynamic modelling of conventional ceramic volumetric absorbers. They
identified the radiative and thermal properties that a good absorber must have,
providing values of reference for the characteristics of ceramic volumetric receivers.
Fend et al. [27] conducted an experimental study using a variety of porous materials
and reported the measuring method and the results for the thermal conductivity,
convective heat transfer coefficient and efficiency. Recommendations on the design of
volumetric absorbers were also given.
As for the design of the porous volumetric receivers, high porosity or large
pores means low pressure drop in the receiver, however this also implies a lower
heat transfer coefficient between the porous material and the heat transfer fluid
[13]. Therefore, an optimal thermal receiver should have a structure that causes
low pressure drop and maintains good heat transfer characteristics. In this regard,
Wu et al. [28] presented experimental and numerical studies on the pressure drop
in ceramic foams for air receiver applications using two modified structures, and
presented an empirical model to predict the pressure drop based on those results.
Albanakis et al. [29] did an experimental assessment of the response of various
foam materials, and the results showed that the efficiency of porous volumetric
receivers depends on both materials characteristics and flow conditions. Roldán et al.
[30] investigated the thermal performance of different configurations of volumetric
receivers using Computational Fluid Dynamics. They carried out simulations for
various values of porosity in order to find the optimal working configurations. Wang
et al. [31] presented a novel design of gradient-porous heat sinks for volumetric
receivers. They compared the receiver performance to that of an homogeneous porous
receiver configuration and concluded that the gradient-porous arrangement can
improve both pressure drop and thermal performance. Wu et al. [32] developed a
correlation for the local convective heat transfer coefficient between the air flow and
ceramic foams based on numerical simulations, and validated it with experimental
data. Porous volumetric receivers still is an area of growing research, for example,
in terms of radiation flux distribution and experimental study on the efffect of
differents geometrical parameters [33], determination of representative elementary
volumes [34], techniques to improve its performance, such as volumetric solar receiver
with structured packed bed [35], composite porous structure [36] and micro heat
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exchangers with multi-leyered porous media which can be used in solar thermal
receivers [37]. An interesting and recent study was presented by Zaversky et al.
[38] where two different types of one-dimensional models of radiation propagation
inside the foam were developed. Those models were checked for consistency against
experimental data and then used to optimize the absorbed thermal efficiency by
considering single, double and triple layer absorber configurations. They found that
the optimized single-layer is the best absorber configuration while, if necessary, the
second layer can be used to satisfy mechanical and stability requirements.
The absorption of solar radiation is a very important aspect in the performance
of porous volumetric receivers because the spatial distribution of absorbed energy is
the source of the heat transfer process. Thus, the first step to optimize the thermal
efficiency of a volumetric receiver is understanding how solar radiation is distributed
in the receiver and how this distribution and the absorption efficiency are affected
by the different characteristic parameters of the receiver. The state of the art shows
some gap in the detailed and parametric analysis of solar radiation absorption in
porous volumetric receivers. For this reason, a detailed three-dimensional modelling
and analysis of solar radiation absorption in a single layer porous media receiver
is presented in this work, using the MCRT method to simulate the concentrated
solar radiation flux incident in the front face (inlet) of the volumetric receiver. The
model includes the effect of the angle of incidence on the absorption of energy while
the receiver wall is modelled as a diffuse surface. One of the main innovation of
this work is using Henyey-Greenstein phase function to model light scattering inside
the porous media. Other contributions of this work are the study of the effect of
optical thickness (porosity, pore diameter and height of the receiver), asymmetry
factor of the phase function, boundary wall properties and geometric parameters
of the concentration system on the distribution and performance of solar radiation
absorption in the receiver. Based on the results presented in this paper, a discussion on
the distribution of absorbed solar radiation and absorption efficiency are conducted,
and the conditions to improve the performance of the receiver are presented.
2.2 Solar radiation propagation and absorption
In this work, solar radiation is concentrated by a parabolic dish in the aperture (front
face) of the porous volumetric receiver. Then, radiation propagates inside the pores
of the medium until it is absorbed by the porous material or exits the receiver. The
propagation and absorption phenomena depend on the two most important geometric
characteristics of the porous media, the porosity and the size of the pores, and of
others parameters, namely the radiative and thermal properties of the porous material
and of the incidence angle that is determined by the type of solar concentration
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system. The concentrator generates the spatial distribution of energy flux and angle
of incidence at the receiver inlet. Therefore, it is important to study the effect of
the incidence angle because the receiver performance will depend on the design and
optical efficiency of the concentration system. For this purpose, this work is organized
in such way that the model of the solar concentration system and the model of solar
radiation propagation and absorption in the porous media are linked through the
spatial distribution of energy flux and angle of incidence in the inlet of the receiver.
Once the concentration system is modelled through the MCRT method, the spatial
distribution of energy flux (coordinates of all rays) and the angle of incidence (unit
direction vector of all rays) are obtained in the aperture area of the receiver.
2.2.1 Propagation of solar radiation in the porous media
Porous materials are very complex structures. In practice, the porous media can be
heterogeneous, anisotropic and the pores may have many geometric shapes. Moreover,
when solar radiation is absorbed in the porous media, its temperature increases
and the emissivity and scattering albedo of both the porous material and boundary
surface can be affected. These aspects increase the numerical modelling complexity of
solar radiation transport in porous media. For that reason, in this work the following
simplifications were assumed: the porous media is homogeneous, isotropic, the pores
can be modelled as spherical, the emissivity and the scattering albedo of the receiver
and wall are uniform and constant.
The MCRT method is also used to model energy absorption in the porous
volumetric receiver. The method was implemented in Matlab software using parallel
computing to decrease the computation time. When solar radiation enters in the
porous volumetric receiver, there are two phenomena that must be considered, that
is, absorption and scattering [39]. These two phenomena are illustrated in Fig. 2.1
for the case of a cylindrical receiver with height hrec and radius rrec. The porous
hrec
rrec
Fig. 2.1: Propagation of solar radiation in a porous volumetric receiver.
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media is characterized by a absorption coefficient κa, a scattering coefficient κs and a
extinction coefficient β, which can be expressed in the following way [40], respectively:
κa = 1.5ε(1− φ)/dp (2.1)
κs = 1.5(2− ε)(1− φ)/dp (2.2)
β = κa + κs = 3(1− φ)/dp (2.3)
where φ is the porosity, dp the pores diameter and ε is the emissivity of the porous
material. In this work, an open porous volumetric receiver (without glass window) is
considered [41]. If a glass window is included then the transmissivity of the glass must
be known as a function of the incidence angle, and the multiple reflections between
the receiver surface and the inner surface of the window should also be modelled.
The angle of incidence at the inlet of the receiver will be the same in both cases if
the refractive index of the gas in the two sides of the window are the same. In this
type of porous volumetric receiver air is usualy used as working fluid; this also means
that the relative refractive index is unity and the specular reflectance is zero [14].
Therefore, it is considered that when a ray from the concentration system hits the
front surface of the receiver, it directly enters in the receiver [6, 42], and the effects of
polarization and dependence on the wavelength of light were neglected. Thus, based
on radiation transfer theory and considering the simplifications presented above,






where ξ is a random number between 0 and 1. Then, another random number ξ
is generated to decide if the ray is absorbed or scattered by using the following
conditions:
ξ 6 ω, scattering
ξ > ω, absorption
in which ω = κs/β is the scattering albedo. When scattering occurs, spherical
coordinates are used to compute the new direction using the polar and azimutal
angles. In this work, the Henyey-Greenstein phase function [43] is used to determine





(1 + g2 − 2g cos θ)3/2 (2.5)
where p is the phase function, θ is the polar angle and g is the asymmetry factor. The
asymmetry factor varies between −1 and 1, with −1 being used in the case of full
backscattering; 1 is for full forward scattering and 0 for an uniform distribution [43].
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In literature there are many other phase functions [17]. The Henyey-Greenstein phase
function is often used in the astronomical literature [43], and it allows a smooth
variation from isotropic (g = 0) to narrow forward peak (g = 1) or narrow backward
peak (g = −1) scattering [17]. Due to these characteristics and simplicity, it is a
function ideal for test calculations on multiple light scattering when one want to study
the influence of anisotropy with a continuous parameter. The phase function must
be normalized, such that the integral over 4π steradians is unity. When normalized,
it provides the probability of occurrence of a given polar angle. Fig. 2.2 presents the




















Fig. 2.2: Polar plot of normalized p(θ) for different values of g.







1 + g2 −
[
1− g2
1− g + 2gξ
]2)
if g 6= 0
2ξ − 1 if g = 0
(2.6)
The azimuthal angle, which is needed to compute the three-dimensional direction
of scattering, is uniformly distributed between 0 and 2π and is obtained from [14]:
ψ = 2πξ (2.7)
based on a new random number ξ. When using the Henyey-Greenstein phase function,
a local coordinates system is needed at the point of scattering to calculate the new
direction [39]. Therefore, let ŝ (v̂D at the inlet of the receiver) be the direction before
scattering, and considering that the new polar angle θ′ measured from the z-direction
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(̂s direction), the local x-direction (from where ψ′ is measured) and y-direction are
given by:
ê1 = a× ŝ/ | a× ŝ |, ê2 = ŝ× ê1 (2.8)
respectively, where a is an arbitrary vector. The new direction ŝ′ is computed through:
ŝ′ = sin θ′(cosψ′ê1 + sinψ
′ê2) + cos θ
′ŝ (2.9)
and then the new position of the ray is given by:
r2 = r1 + lβ ŝ
′ (2.10)
in which r1 and r2 are, respectively, the initial and final position vectors of the ray,
considering the origin of the global coordinate system located in the center of the
receiver inlet, and lβ is given by Eq. (2.4). The rays may reach the wall of the receiver
and, in that case, the wall is considered as an ideal diffuse surface with an albedo
ωw. For the receiver of the present work, cylindrical coordinates are used to compute
the radial position and check if it is larger than the radius rrec. If this condition is
true, then Eq. (2.11) is used to compute the interaction point on the wall:
rw = r1 + flβ ŝ
′ (2.11)
where rw is the point on the wall and f is the fraction of lβ that satisfies the condition
of radial position in the cylindrical coordinates (equal to rrec). If scattering occurs in
the wall then the new direction is computed through Eq. (2.8) and Eq. (2.9) with
the ŝ vector in Eq. (2.8) being the unit vector defined by the direction of the radial
position (the normal vector to the tangent plane at the point of scattering), and the
polar angle for the diffuse reflection is computed through:
θ = cos−1(ξ − 1) (2.12)
in which ξ is a new random number. To determine if the rays exit the receiver through
the front side (inlet) or back side (outlet), the following conditions are used:
hk < 0, front side
hk > hrec, back side
where hk is the value of the position vector r2 that corresponds to the depth position
of the ray in the receiver. Fig. 2.3 presents the flowchart of the MCRT method to
compute the final position of all rays in the porous volumetric receiver including the
wall and the rays that exit the receiver.



















Launch rays in the inlet of 
the receiver with respective 
direction from the solar  
concentration system 
Relative refractive 
index equal to one
Calculate the location 
reached by the ray
Store as ray that left 




Store as ray that left 















Fig. 2.3: Flowchart of MCRT method for solar radiation transport modelling in porous
media.
2.2.2 Volumetric absorption of radiation and efficiencies
After the final position of all rays was computed using the method described in the
subsection 2.2.1, a statistical analysis is needed to compute the spatial distribution
of the absorbed solar radiation. For this purpose, and considering the cylindrical
porous receiver of height hrec and radius rrec of the present work, a discretization
of the volume into small elements (cells) is performed, as showed in Fig. 2.4, and
the number of rays absorbed in each element is counted. The spatial distribution of





in which S is the absorbed solar radiation in the element of volume i, j, k of the
receiver, NS is the total number of rays, V is the volume of the cell, and p is the
power per ray. The number of cells in each direction of the cylindrical coordinates
system used for discretization is presented in Table 2.1. The rays absorbed in the
wall are included in the adjacent boundary cells in the radial direction.







Fig. 2.4: Spatial discretization of the porous volumetric receiver.
To study the performance of the receiver, four quantities are considered, namely,
the fraction of energy lost through the receiver inlet (Lis) and outlet (Los), the
fraction of energy absorbed in the wall Wf and the absorption efficiency ηabs, all




















where N isT and N osT are the total number of rays that exit through the front and back
surfaces of the receiver, respectively, and NST , NwT and NFT are the total number of
rays absorbed in the volume, absorbed in the wall and incident on the inlet plane
of the receiver. It should be noted that the fraction of energy absorbed in the wall
is defined separately because it is one of the quantities to be studied, but it is also
included in the definition of the absorption efficiency, according to Eq. (2.17). The






The geometric and radiative parameters of the porous volumetric receiver used to
obtain the simulation results presented in the next sections are given in Table 2.1.
The value for the asymmetry factor presented in Table 2.1 and the values that will
be presented in Section 2.3 can be obtained by using a combination of different
sizes and shapes of the pores, porosity, optical properties of the porous material and
foam structure. For example, some foam structures (tomographic, concave kelvin
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and convex Weaire-Phelan) were studied in the work by Cunsolo et al. [42]; and
micro-/nano-porous medium were addressed in the work by Xu [37].









Number of cells in radial direction 20
Number of cells in azimuthal direction 30
Number of cells in longitudinal direction 100
2.2.3 Sensitivity analysis on the total number of ray used in the MCRT method
The results of the MCRT method depend on the number of rays used in the simulation.
However, as these results tend to stabilize with a increasing number of rays, a value
can be selected from which that variation is admissible. To select the number of
rays, a sensitivity analysis was carried out, using the same method presented in
the work of Cui et al. [10]. The most sensible quantity to the number of rays is the
spatial distribution of the absorbed solar radiation. In this regard, the average of the







where δ[i, j, k] is the matrix of the dimensionless deviations of the flux distribution
and Nv is the total number of elements of volume (cells). The deviation for each





if Ŝi,j,k 6= 0
0 if Ŝi,j,k = 0
(2.20)
where Ŝi,j,k is the benchmark solution obtained using a total number of rays of 1×109.
The comparison for the cases with a total number of rays of 1× 107, 5× 107, 1× 108
and 5 × 108 are presented in Table 2.2. An average deviation of 4.31% was found
for the flux distribution (dimensionless) when a total number of rays of 1× 108 is
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used, which is an acceptable value to use in order to ensure that the flux distribution
will not change too much with respect to the benchmark case while reducing the
computation time.
Table 2.2: Average dimensionless desviation of flux distribution using different number of
rays.






In order to validate the MCRT method a comparison was done by adjusting the model
parameters to those of light transport in the semi-infinite turbid medium presented
in the work of Wang et al. [14] and Cui et al. [10], and comparing the results to the
exact solution from the work of van de Hulst [17]. This comparison was done for a
relative refractive index between the inside and outside of the semi-infinite medium
equal to 1.0, absorption coefficient κ = 10 cm−1, scattering coefficient σ = 90 cm−1,
asymmetry factor g = 0.75, height of the medium hrec = 0.02 cm, 1 × 108 rays,
and for three different values of the cosine of the incidence angle, µ0 = 1, µ0 = 0.9
and µ0 = 0.7. The total reflectance and transmittance was compared against the
reference values as presented in Table 2.3, and the angular distribution of diffuse
reflectance and transmittance as shown in Fig. 2.5 (a) and (b), respectively, for
the three values of cosine of angle of incidence. It is important to refer that the
unscattered transmittance is not included in the results presented in Fig. 2.5 (b), but
it is included in the values of Table 2.3. The values of total unscattered transmittance
for µ0 = 1, µ0 = 0.9 and µ0 = 0.7 are, respectively, 0.13480, 0.10860 and 0.05682.
The results are in a good agreement with those from the work of van de Hulst [17],
since the discrepancy of the total transmittance and reflectance is less than 0.41%.
Table 2.3: Comparison of the total reflectance and transmittance with the results from
van de Hulst [17].
Source
Total reflectance Total transmittance
µ0 = 1 µ0 = 0.9 µ0 = 0.7 µ0 = 1 µ0 = 0.9 µ0 = 0.7
van de Hulst [17] 0.09739 0.11548 0.16385 0.66096 0.62182 0.52772
This work 0.09779 0.11568 0.16352 0.66143 0.62178 0.52779
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Fig. 2.5: Angular resolved representation of diffuse reflectance (a) and transmittance (b)
for three different values of cosine of incidence angle.
2.2.5 Generation of the incident energy flux on the receiver
In order to test the 3D model of solar radiation absorption inside the porous volumetric
receiver a parabolic dish of radius rdis and focal distance fdis was used to generate
the incident energy flux, as shown in Fig. 2.6. The concentration of solar radiation on
the inlet of the receiver is modelled using the Tonatiuh software [44], an open-source
software based also in the MCRT method, considering the effect of the receiver shadow
on the concentrator. The Tonatiuh output are the coordinates of the interception







Fig. 2.6: Schematic of the parabolic dish concentration system.
design the concentration system the radius of the parabolic dish was described as a
function of the concentration factor C and of the radius of the receiver rrec using:
rdis = rrec(C + 1)
1/2 (2.21)
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The concentration factor is defined as the ratio between the aperture area of the
parabolic dish irradiated by the sun and the area of the receiver aperture. The focal
distance fdis and the distance df are geometric parameters which can be chosen in
order to improve the spatial distribution of solar radiation and incidence angle in
the receiver. To compute the unit vector direction, v̂D, the coordinates of the rays in





where rrec and rdis are, respectively, the position vector of the rays in the front surface
of the receiver and in the parabolic dish. The incidence angle Θ is then computed by
considering the normal unit vector n̂ at the inlet, expressed as:
Θ = cos−1(v̂D · n̂) (2.23)






where F is the solar radiation flux, NF is the total number of rays and A is the
area of each element i, j of the receiver aperture. For the spatial distribution of the
incidence angle, an average is computed for each element of area. The efficiency of





in which N IT and NFT are the total number of rays incident on the aperture area
of the parabolic dish and receiver, respectively. By defining the efficiency of the
concentration system with respect to the total number of rays incident on its aperture
area, the effect of the reflectance of the concentrator, ρ, is already included in the
that efficiency. The effect of the circumsolar radiation ratio (CSR) [45] is considered
for clear sky conditions which corresponds to model the sun as a dish (half angle of
4.65 mrad) together with the circumsolar aureole.
The main focus of this work is to study the absorption of energy in the porous
volumetric receiver using a concentration system only to generate the energy flux on
its inlet. For this reason, some details of the concentration system were not included,
as for example the tracking errors. The characteristics and simulation conditions of
the concentration system are presented in Table 2.4. A value of 800 W m−2 for the
incident direct normal irradiance and a CSR value of 2% are used as typical values
for clear sky conditions with an air mass of 1.5 (AM1.5).
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Gt (W m−2) 800
ρ 0.95
Circumsolar ratio, CSR 2%
Total number of rays 1× 108
2.3 Results and discussion
The models for solar radiation absorption in the porous volumetric receiver and
concentrator are coupled together and used for the system simulation with the
parameters and conditions presented in Table 2.1 and Table 2.4. In Fig. 2.7 (a)
and (b), the distribution of energy flux and incidence angle on the inlet area of the
receiver are presented, respectively, with a resulting efficiency of the concentration
system of 93.71%.


















Fig. 2.7: Solar radiation flux (a) and angle of incidence (b) on the inlet area of the receiver.
The spatial distribution of the absorbed solar radiation in the porous volumetric
receiver for the energy flux of Fig. 2.7 (a) and incidence angle of Fig. 2.7 (b) is shown
in Fig. 2.8, for the conditions presented in Table 2.1 (these conditions result in an
extinction coefficient of β = 100 m−1 and a scattering albedo of ω = 0.54). Due to
the symmetry of this problem when an ideal parabolic dish is used as concentration
system, in Fig. 2.8 only the distribution for a cross section through the axial distance
of the receiver is presented. A peak of absorbed energy of 156 MW m−3 can be
observed close to the focal point of the parabolic dish, i.e, close to the depth of the
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volumetric receiver, which corresponds to the distance df between the inlet of the
receiver and the focal point. This is mainly due to the convergence of the incident
solar rays and to the use of a porous receiver with a low extinction coefficient of
β = 100 m−1, and also due to the forward scattering factor of g = 0.4. The receiver
wall is a barrier for the radiation propagation, making that a certain amount of
energy is absorbed there, which decreases along the depth of the receiver due to the
presence of less rays, as shown in Fig. 2.8.




























Fig. 2.8: Spatial distribution of absorbed solar radiation in the porous volumetric receiver.
Table 2.5 presents the total power absorbed in the receiver PT , the losses of energy
through the inlet Lis and outlet Los, and the absorption efficiency ηabs. The fraction
of energy absorbed in the wall Wf is 5.71%. These results show that the largest losses
occur through the aperture of the receiver due to the backscattering of radiation.






2.3.1 Study on the effect of the geometric parameters of the receiver
The internal geometry of the porous media is a crucial factor that affects the
distribution of the absorbed solar radiation. In this section, the effect of the extinction
coefficient and of the asymmetry factor g on the spatial distribution of solar radiation
absorption is studied. The effect of the optical thickness and of the parameter g on
the losses, fraction of energy absorbed in the wall and absorption efficiency, is also
studied. The use of an optical thickness defined as the product of the extinction
coefficient with the height of the receiver (b = βhrec) is justified because it includes
30 Chapter 2. Three-dimensional modelling and analysis of solar radiation absorption
the three main geometric parameters (porosity, pore diameter and height). The
results presented here and in the following sections were obtained by keeping all the
other parameters equal to those presented in Table 2.1 and Table 2.4.
Fig. 2.9 shows the distribution of absorbed energy using extinction coefficients of
150 m−1 and 300 m−1. Generally, the depth up to which solar radiation propagates
increases by decreasing the extinction coefficient, i.e, by increasing the porosity and
pores diameter. The amount of energy absorbed in the wall depends on both the
extinction coefficient and scattering albedo of the wall. If a low extinction coefficient
and fixed scattering albedo of the wall is used, then there are more rays reaching the
wall, which increases absorption in the wall.
















β = 150 m−1

























Fig. 2.9: Effect of the extinction coefficient on the distribution of solar radiation absorption.
Fig. 2.10 presents the effect of the asymmetry factor on the energy distribution
for the case when materials that provide isotropic scattering (g = 0) and forward
scattering with g = 0.6 are used. In a porous media with low extinction coefficient,
the solar rays will have little interaction with the porous material, making the
distribution less affected by the type of scattering.
Figs. 2.11, 2.12, 2.13 and 2.14 present the losses through the inlet (front) and
outlet (back) of the receiver, fraction of energy absorbed in the wall and absorption
efficiency, respectively, as a function of the optical thickness and asymmetry factor,
for the case without scattering (ωw = 0) and with scattering (ωw = 0.2) in the wall.
For a receiver with a large optical thickness, the solar rays will interact with the
porous material just close to the front surface, thus contributing to the increase
of energy losses through the inlet (Fig. 2.11) due to backscattering while reducing
drastically the losses through the back surface (Fig. 2.12). Even with a losses increase
through the front side, the absorption efficiency still increases due to the large
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Fig. 2.10: Effect of the asymmetry factor on the distribution of solar radiation absorption.
decrease of the losses through the back side, as shown in Fig. 2.14. A larger optical
thickness is obtained when using receivers with small pores and low porosities or
using higher receivers. However, the optimization of the receiver should not be done
without considering the distribution of absorbed energy, fluid flow and heat transfer
processes (pressure losses and heat transfer characteristics of the receiver). For values
of optical thickness in the range from 7.5 to 15 the absorption efficiency presents a
small variation (Fig. 2.14), although the distribution of energy absorption is affected,
as shown in Fig. 2.9.
The radiation scattering inside the porous material also affects mainly the losses
through the inlet than through the outlet; thus to increase the absorption efficiency it
is necessary to decrease the backscattering by using a porous material which provides
more forward scattering (Fig. 2.11). To achieve this effect, changes on the pores
geometry and optical properties of the porous material are required. Regarding the
pores geometry, some porous structures are being studied [37, 42] while the optical
properties of the porous material should be changed in order to promote the forward
scattering of light when combined with a particular pores geometry.
For lower values of optical thickness, increasing the scattering albedo of the wall
results in a increase of the losses through the front and a very small increase of the
losses through the back, as shown in Figs. 2.11 and 2.12, respectively. This results in
a decrease in the absorption efficiency of the receiver, as shown in Fig. 2.14. For a
lower value of optical thickness, there are more rays that will interact with the wall,
resulting in more energy available to be absorbed there. This absorption is lower
when scattering increases, as shown in Fig. 2.13.
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Fig. 2.11: Effect of b, g and ωw on the losses through the front surface of the receiver.








































Fig. 2.12: Effect of b, g and ωw on the losses through the back surface of the receiver.






































Fig. 2.13: Effect of b, g and ωw on the fraction of energy absorbed in the receiver wall.
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Fig. 2.14: Effect of b, g and ωw on the efficiency of the receiver.
2.3.2 Study on the effect of convergent and divergent incidence of solar rays
To study the effect of convergent and divergent incidence of solar rays on the
distribution of absorbed solar radiation, the inlet surface of the receiver is placed
in two different positions, below (df > 0) and above (df < 0) the focus length,
respectively (see Fig. 2.6). When the front of the receiver is placed below the focus,
one has convergent incidence of the solar rays while when is placed above the
incidence is divergent. Fig. 2.15 presents the distribution of absorbed energy for
this two cases. In the first case, a peak flux of 353 MW m−3 is observed, which
decreases to 86 MW m−3 in the second case, while the distribution is more uniform
and a considerable amount of energy is absorbed in the wall. Table 2.6 presents
the efficiency of the concentration system and the performance of the receiver for
these two cases. As it can be seen, the difference is mainly in the amount of energy
absorbed in the wall.
Table 2.6: Results for convergent and divergent incidence at the inlet surface.
df (cm) ηcs (%) Lis (%) Los (%) Wf (%) ηabs (%) PT (W)
1.5 94.04 8.06 1.41 5.31 90.53 668.62
-1.5 94.01 8.58 1.02 15.31 90.40 667.44
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Fig. 2.15: Effect of convergent and divergent incidence on the distribution of solar radiation
absorption.
2.3.3 Study on the effect of manufacturing imperfections of the parabolic dish
In addition to the deviation angle of solar rays caused by the sunshape (already
considered in this work), in real applications there are also some source of optical
errors, such as: slope error, tracking error, non-specular reflection and alignment error
[46]. From all these optical errors, the predominant is the slope error σslope [6] which
is defined as the angular deviation of normal vectors of the actual surface with respect
to their ideal directions [46]. According to the work of Chen et al. [6], this deviation
ranges from 1 mrad for high quality to 6 mrad for low quality optical reflectors. In
order to study the effect of manufacturing imperfections, two values of slope error
of 1 and 5 mrad were considered in the system simulation. The Tonatiuh software
calculates the deviation of the reflector surface that is caused by a given slope error.
Fig. 2.16 shows the distribution of absorbed energy for these two cases. In the first
case, a peak flux of 146 MW m−3 is observed, which decreases to 79 MW m−3 in
the second case. Table 2.7 presents the efficiency of the concentration system and
the performance of the receiver. Higher values of slope error results in less energy
available to be absorbed in the receiver and a more uniform distribution of energy
without a high peak flux.
Table 2.7: Results for different slope error of the parabolic dish.
σslope (mrad) ηcs (%) Lis (%) Los (%) Wf (%) ηabs (%) PT (W)
1 93.53 8.02 1.43 5.72 90.55 665.16
5 90.08 7.99 1.43 5.94 90.58 640.80
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Fig. 2.16: Effect of slope error on the distribution of solar radiation absorption.
2.4 Conclusions
In this work a three-dimensional modelling and analysis of solar radiation absorption
in porous volumetric receivers is developed. The model of the solar radiation propa-
gation in porous media includes the effect of the incidence angle at the front surface
(inlet) of the receiver. The Henyey-Greenstein phase function is used to model the
scattering inside the porous media and the wall of the receiver is modelled as a
diffuse surface. The receiver under study is cylindrical and a parabolic dish is used to
generate the energy flux at the inlet of the receiver. The spatial distribution of solar
energy absorbed in the porous volumetric receiver was computed and the performance
of the receiver for different parameters, such as, optical thickness (porosity, pore
diameter and height), asymmetry factor and the distance between the front of the
receiver and the focal point is also studied. The results show that the performance
of the system depends strongly on the choice of these parameters. The largest losses
occur through the inlet of the receiver due to backscattering, which can be decreased
by using porous structures that provide mainly forward scattering. The properties of
the wall are more important when receivers with low optical thickness are used.
Whenever convergent incidence of solar rays is used, and with a receiver with
low extinction coefficient, the peak flux occurs in the middle of the receiver close
to a depth equal to the distance between the inlet and the focal point. For the case
of divergent incidence, the peak flux decreases drastically, the distribution is more
uniform and large amount of energy is absorbed in the receiver wall. The effect of
the imperfections of a real reflector was also simulated, showing that higher values
of slope error results in lower values of energy absorption, even without a peak flux
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due to a more uniform energy distribution.
The results presented in this work are very useful to study and understand energy
absorption in porous volumetric receivers when different porous structures, porosities,
pore diameter, height of receiver and geometric parameters of the concentration
system are used. The developed model and the results obtained allow to determine
in which conditions and where the peak flux occurs, thus providing essential infor-
mation on how the flow conditions and materials of the receiver should be designed
and adjusted to prevent hot spots which can damage the receiver material while
maximizing its efficiency. In the future, this model will be coupled to a fluid flow and
thermal model and used to carry out several optimizations also taking into account
different concentrator optics, as in tower type concentrators, with and without second
stage concentration.
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Nomenclature
A area (m2)
a arbitrary vector (-)
b optical thickness (-)
C concentration factor (-)
df distance between the front of the receiver and focal point (m)
dp pores diameter (m)
F radiation flux at receiver front face (W m−2)
f focus length (m) or fraction (-)
Gt direct normal irradiance (W m−2)
g asymmetry factor (-)
h height (m)
L fraction of energy lost (-)
lβ path length of rays (m)
N number of rays (-)
Nv number of volume elements (cells) (-)
Nomenclature 41
n̂ normal unit vector (-)
P energy absorption in the volumetric receiver (W)
p power per ray (W) or phase function (-)
r radius (m)
r position vector (m)
S energy absorption per unit of volume (W m−3)
(ŝ, v̂D) unit vector direction (-)
V volume (m3)
Wf fraction of energy absorbed in the wall (-)
Greek symbols
α azimuthal angle of cylindrical coordinates system (rad)




Θ angle of incidence (rad)
θ polar angle (rad)
κa absorption coefficient (m−1)
κs scattering coefficient (m−1)
ξ random number uniformly distributed between 0 and 1 (-)
ρ reflectance of the parabolic dish (-)
φ porosity (-)
ψ azimuthal angle (rad)
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i, j, k indices of the volume elements (cells)
is front face (inlet) of the receiver







I aperture area of the parabolic dish
is front face (inlet) of the receiver
F front face area of the volumetric receiver
os back face (outlet) of the receiver
S inside the receiver volume
w receiver wall
Chapter 3
Three-dimensional CFD modelling and thermal performance
analysis of porous volumetric receivers coupled to solar
concentration systems†
Abstract
Porous volumetric receivers is a promising technology to improve the thermal
performance of a new generation of concentrated solar power (CSP) plants.
In this sense, this work addresses the Computational Fluid Dynamics (CFD)
modelling and thermal performance analysis of porous volumetric receivers
coupled to solar concentration systems. A cylindrical receiver element
made of open-cell SiC ceramic foam was considered. The fluid flow and
heat transfer processes in the porous media are modelled through volume
averaged mass, momentum and energy conservation equations, considering
the local thermal non-equilibrium (LTNE) approach, while the thermal
radiation transfer is described by the P1 spherical harmonics method, using
an open source software (OpenFOAM). An in-house algorithm based on the
Monte Carlo Ray Tracing (MCRT) method was developed and coupled to
the CFD mesh to model the propagation and absorption of solar radiation.
The modelling of the receiver boundary conditions were improved, and a
detailed analysis of a reference configuration of the receiver was conducted
using a parabolic dish with a concentration ratio of 500 to generate the
concentrated solar radiation field and a receiver element with diameter 5 cm,
height 5 cm, pore size 3 mm and porosity 0.9. The thermal power output,
thermal efficiency, mean fluid temperature at the outlet and pressure drop
of this reference configuration are 628.92 W, 85.46%, 474.22 K and 103.10 Pa,
†Germilly Barreto(1), P. Canhoto(1), and M. Collares-Pereira(1). Three-dimensional CFD modelling and
thermal performance analysis of porous volumetric receivers coupled to solar concentration systems. Applied
Energy, 252:113433, 2019.
(1) Institute of Earth Sciences, University of Évora.
43
44 Chapter 3. Three-dimensional CFD modelling and thermal performance analysis
respectively. The use of receivers with high porosity and pores size increases
the thermal efficiency slightly and decreases the pressure drop substantially.
The convergent incidence of solar rays on the inlet of the receiver leads to
high peaks of temperature on the porous structure and fluid, and a way
to decrease these peaks is to design the concentration system or place the
receiver in such way to obtain lower incidence angles at the inlet.
Keywords: Porous volumetric receiver; Solar concentration; Fluid flow; Heat
transfer; Radiative transfer.
3.1 Introduction
Over the last few years, increasing attention has been given to the use of porous
structures as thermal receivers (porous volumetric receivers) in high-temperature
concentrated solar power (CSP) plants technology [1]. This increased interest is
mainly due to the capabilities of these type of receivers to achieve high temperatures
and thermal efficiencies [1]. In this receivers air is usually used as the heat transfer
fluid in open systems [2, 3], but other gases can be used in pressurized closed systems,
as in the promising generation of CSP plants that use Brayton cycles with CO2 at
supercritical conditions [4].
The work of Ávila-Marín [5] presents a detailed description of the porous volu-
metric receivers and their main configurations, as well, the most commonly materials
that are being used for their fabrication. The materials may be metal or ceramic [5],
but ceramic materials are the best alternative because of their resistance to oxidising
atmospheres, high melting point, low thermal expansion and high thermal shock
resistance, which make them more suitable for high-temperature applications [5, 6].
The silicon carbide (SiC) foam, which is utilised in many industrial applications [6],
is one of the most used ceramic materials, due to its good radiative and thermal
properties [7]. There are two main configurations of porous structures of SiC ceramic
foam, which are honeycomb and open-cell structures [7]. The honeycomb structures
comprise parallel channels (usually with square cross-section) oriented in the fluid
flow direction and arranged in a hexagonal shape [7], while the open-cell structures
are formed by randomly packed open cells, which can have different sizes and shapes
[7]. Most of the works on porous volumetric receivers available in the literature
address the numerical and experimental investigation of these two structures, being
the open-cell SiC ceramic foam the most addressed.
Significant advances are being made in the study of solar radiation propagation
and absorption in porous media coupled to the fluid flow and heat transfer processes
[7, 8], aiming at its application in CSP plants. There are two main approaches to
model numerically these processes [9, 10]: the first one is the pore-scale approach
[11], where the structure is modelled (explicitly using a detailed description of the
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geometry of the pores); and the second one is continuous-scale approach [12], based
on considering the porous media as a continuous semitransparent medium, and using
the volume averaged concept of variables for the solid matrix structure (called solid
phase) and heat transfer fluid (called fluid phase). In the pore-scale approach, the
complexity of the pore geometry in the structure must be fully described, while in
continuous-scale approach this complexity is not described in such detail [9]. In the
field of solar thermal applications of porous volumetric receivers, research focuses
mainly on what happen in a macroscopic scale, not in pore-scale, which makes the
continuous-scale approach very suitable and the most used [13, 14], since it also
requires much less computational effort in comparison to pore-scale approach.
The study of porous volumetric receivers can be divided into two parts [15]: the
first one is the absorption of solar radiation in the porous structure [16, 17] and
the second is the coupling of the solar radiation absorption with the fluid flow and
heat transfer processes including the thermal radiation exchange in order to obtain
its thermal performance [18, 19]. This coupling can be done using two different
approaches: (i) modelling the solar radiation absorption separately, usually using the
MCRT method [15], and then including it together with the net thermal radiation
exchange as a heat source of the energy conservation equation [18]; or (ii) modelling
the solar radiation absorption together with the thermal radiation by solving the
broadband radiative transfer equation [20].
The transport and absorption of radiation in porous media is a complex problem
[21], but its modelling is crucial for the study of the thermal performance of porous
volumetric receivers. For this purpose, several works are being developed in order to
describe in detail the geometry of porous structure and their optical and radiative
properties [22, 23]. Li et al. [24] conducted a detailed analysis of radiative properties
of irregular open-cell foams. They found that the extinction coefficient depends on
the porosity, mean pores size and on the cross-section shape of the ligament of the
porous structure, while the scattering albedo depends on the radiative properties
and the shape of the porous structure. In the recent works of Xia et al. [25] and
Li et al. [26], besides the two commonly used modelling approaches, they proposed
a new method that consists in combining the continuous-scale approach with the
exact description of the porous structure into a single computational domain, which
they called scale-coupled approach. They assessed the performance of this method
and found that it can be used to unite the advantages of the continuous-scale (less
computational effort) and pore-scale (accurate prediction of local radiative quantities)
approaches.
For the heat transfer modelling, Xu et al. [27] compared different numerical
and analytical solutions to predict the thermal performance of porous volumetric
collectors, and the pros and cons of each one are discussed. Regarding the heat
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transfer between the solid and fluid phases, two different approximations can be
used when the continuous-scale approach is considered [10, 12]. The first is the
local thermal equilibrium (LTE), in which the temperatures of the solid and fluid
phases are assumed to be the same, and thus only one energy equation is needed for
modelling. The second is the local thermal non-equilibrium (LTNE), in which the
temperature of the two phases are considered to be different, and thus two energy
equations are needed, one for the solid and other for the fluid. In the LTNE approach,
the heat transfer (convection) between the solid and fluid phases must be described,
which makes it the most accurate approximation when significant differences of
temperature between the two phases are expected. In this regard, several studies
exist that aim to describe the convective heat transfer between the solid and fluid
[28, 29]. For example, Wu et al. [30] developed a correlation for the local volumetric
convective heat transfer coefficient between air and ceramic foams by modelling an
idealised packed tetrakaidecahedron structure that represents the porous structure.
In the work of Ávila-Marín et al. [31], a similar study was carried out, but considering
porous materials made of metallic plain-weave wire meshes. Xia et al. [32] carried
out an experimental study of the convective heat transfer coefficient in different
foam structures, including SiC, and a new correlation was proposed. Also in the
continuous-scale approach, the fluid flow through the porous structure is modelled
by including a source term in the momentum conservation equation that represents
the effect of the porous media [12]. This momentum source term depends on the
geometry of the porous material and fluid flow conditions. In this regard, various
studies report the pressure drop across the porous media as a function of these
parameters [33, 34]. For example, Wu et al. [34] developed an empirical model that
predicts the pressure drop in ceramic foams as a function of porosity, pores size
and fluid flow conditions based on experimental results and a parametric numerical
simulation of an idealised packed tetrakaidecahedron structure. Development of new
correlations for the convective heat transfer coefficient and pressure drop in porous
media still be object of interest, as for example, in the recent works of Nie et al. [33]
and Kim and Kim [35], where more correlations based on numerical and experimental
studies are proposed.
Thermal receiver models are also often used for its optimisation, and several works
were developed to find ways to improve both thermal and hydrodynamic performances
[36, 37]. Accordingly, studies on the optimisation of temperature distribution in the
solid matrix are being made to avoid the occurrence of hot spots, which can damage
the receiver materials during its life cycle. The recent work of Nimvari et al. [38]
presents a new approach based on a non-uniform distribution of the air velocity
at the inlet of the receiver to mitigates this problem. They compared the results
with those for a uniform velocity distribution at the inlet and found that the new
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approach can reduce the very high temperature spots in the solid. Other techniques to
improve the distribution of temperature are designing receivers with gradually-varied
porosity (porosity decreases gradually from the front surface to the rear surface) [39],
and receivers constituted by different configurations of porous structures (composite
porous structure) [40]. For example, the work of Chen et al. [40] presents a comparison
of the temperature distribution in receivers with single and composite structures.
They found that the composite structure reduces the temperature gradient in the
solid matrix of the receiver. Multi-layer porous structures are being also proposed as
a way to improve thermal performance, as it can be found in the recent works of
Zaversky et al. [36], Zhu and Xuan [41] and Xu [42], where single, double, triple and
more layers configurations were investigated.
In this work, a detailed three-dimensional modelling and thermal performance
analysis of a porous volumetric receiver element made of open-cell SiC ceramic foam
is presented. The fluid flow and heat transfer processes are modelled through volume
averaged mass, momentum and energy conservation equations using the continuous-
scale and LTNE approaches, while the thermal radiation transfer is described by
the P1 spherical harmonics method, using an open source software (OpenFOAM).
An in-house algorithm based on the MCRT method was developed and coupled
to the Computational Fluid Dynamics (CFD) mesh to model the propagation and
absorption of solar radiation, which is included as a source term in the energy
conservation equation for the solid phase. A parabolic dish is used to generate the
concentrated solar radiation flux at the receiver inlet.
A detailed study of the effect of geometric parameters of the porous structure
(porosity and pores size) and different configurations of the concentration system on
the temperature distribution in the solid and fluid phases, thermal efficiency and
pressure drop across the receiver is presented. Another important contribution of
this work is the prediction of the detailed location of hot spots in the solid and fluid
phases when the different configurations or operation conditions are used, and then
the discussion on the solutions to improve the thermal performance of the receiver.
The modelling of the receiver boundary conditions were also improved, namely by
considering different approaches for the adiabatic side wall and by accounting for
the thermal radiation exchange with the surrounding medium both in the inlet and
outlet planes. In that sense, this work also presents a detailed study on the effect of
using different assumptions to describe the temperature profiles of the solid and fluid
phases near a wall with prescribed heat flux and exchanging heat one to another. The
numerical model and the results presented in this work are essential for improving
the thermal and hydrodynamic performance of porous volumetric receivers coupled
to concentration systems in CSP plants.
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3.2 Porous volumetric receivers coupled to solar concentration systems
In this work, the thermal performance of porous volumetric receivers coupled to solar
concentration systems is studied numerically, considering the following phenomena:
concentration of solar radiation; propagation and absorption of the concentrated solar
radiation in the porous structure; flow of the heat transfer fluid through the porous
structure and heat transfer between the solid matrix structure and the fluid, including
the thermal radiation exchange. Fig. 3.1 shows these phenomena schematically for the
case of an open system with a cylindrical receiver element with height L and radius
rrec. A concentration system concentrates the solar radiation towards the inlet of the
receiver, and then this radiation is absorbed along the volume of the receiver, which
increases the temperature of the solid matrix. A heat transfer fluid is forced to flow
through the porous media to collect this thermal energy. The complexity of modelling
this kind of system is very high and, due to this, the following simplifications are
assumed in this work: the porous media is homogeneous and isotropic; the pores are
considered spherical; the radiative properties of the porous media (absorption and
scattering coefficients and the emissivity) do not depend on the wavelength, the heat
transfer fluid is considered to be a non-participating media of radiation exchange, and
the natural convection is neglected due to the imposed forced convection (pressure
forces dominate over the buoyancy forces). In addition, the thermal expansion of the
solid matrix structure is neglected due to the low thermal expansion coefficient of
the materials used in these type of receivers [6].
The absorbed solar radiation in the porous media is the source of energy for the
heat transfer process. Once having the spatial distribution of absorbed solar radiation,
the thermal performance of the receiver is modelled considering the mass, momentum
and energy conservation equations and the P1 spherical harmonics method for
describing the thermal radiation transport. This work is organized in such way that
it focuses mainly in the fluid flow and heat transfer processes, while concentration of
solar radiation in the inlet and its propagation and absorption are summarized in
Section 3.2.4. Details on the propagation and absorption processes modelling in the
porous receiver can be found in the recent work by Barreto et al. [15].
In this work, the porous media is modelled considering the continuous-scale
approach, where the porous media is assimilated to a continuous semi-transparent
medium [12], and the terminologies solid and fluid phases are used to refer to the solid
matrix structure and the heat transfer fluid, respectively. Based on this approach,
the macroscopic three-dimensional governing equations for steady state conditions
are solved.


















Fig. 3.1: Fluid flow and heat transfer processes in porous volumetric receiver.
3.2.1 Fluid flow modelling
According to the work of Vafai [12], for steady state conditions, the macroscopic
continuity and momentum equations based on the three-dimensional superficial
velocity vector ~U are given by Eqs. (3.1) and (3.2), respectively. The superficial
velocity ~U with components Ux, Uy and Uz is related with the average pores velocity ~u
through ~U = φ~u, in which φ is the porosity. In the following, the mass and momentum
conservation equations are presented.
Continuity equation:

















in which ρf is the fluid density, p is pressure, µf is the dynamic viscosity and ~Ms is
the momentum source due to the presence of the porous media. For the momentum







ρf |~U |~U (3.3)
where dp is the diameter of the pores and |~U | is the magnitude of the superficial
velocity. Many other models can be used to predict the pressure drop in ceramic foams
[34]. However, according to the work of Wu et al. [34], this correlation presents good
agreement with experimental data and it is more accurate than the other models,
which is making it to be extensively used by many authors [14, 38]. The correlation
is valid for a cross section of the pores that approaches to circle, 0.66 < φ < 0.93
and for 10 < Re < 400, where Re is the Reynolds number based on the diameter of
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The heat transfer fluid, which in this work is considered to be air, is treated as an





where R is the gas constant (R = 287 J kg−1 K−1 [43]) and Tf is the fluid temperature
obtained from the energy equations presented in Section 3.2.2. The dynamic viscosity









in which Tref is a reference temperature, µref is the dynamic viscosity for Tref
and Sf is the Sutherland temperature. For air, it is used Tref = 273.15 K, µref =
1.716× 10−5 kg m−1 s−1 and Sf = 110.4 K [43].
3.2.2 Heat transfer modelling
The macroscopic energy equations for the local thermal non-equilibrium (LTNE)
condition of the fluid and solid phases are [12]:
∇ · (ρfcp~UTf ) = ∇ · (λfe∇Tf ) + hv(Ts − Tf ) (3.7)
0 = ∇ · (λse∇Ts) + hv(Tf − Ts) +Qir +Qsolar (3.8)
respectively, where cp is the specific heat capacity of the fluid, λfe and λse are the
effective thermal conductivity of the fluid and solid, respectively, hv is the volumetric
heat transfer coefficient, Ts is temperature of the solid phase, Qir is the radiative
source term due to the thermal radiation exchanged inside the porous structure
and Qsolar is the source term due to the absorbed solar radiation. The volumetric
convective heat transfer coefficient, hv, is computed using the correlation obtained













where Nu is the Nusselt number based on hv, λf is the thermal conductivity of the
fluid and the characteristic length dp is the pore diameter. According to Wu et al.
[30], this correlation agrees well with the experimental data from the work of Younis
and Viskanta [28] and it is valid for 0.66 < φ < 0.93 and 70 < Re < 800. It predicts
well the Nusselt number for a superficial velocity of 2.2 m s−1, but it overestimates
it for |~U | < 2.2 m s−1 and underestimates for |~U | > 2.2 m s−1. This correlation is
being used extensively in many others works [14, 38].
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The effective thermal conductivity for the fluid, λfe, and solid phases, λse, are
defined using the Schuetz and Glicksman model [45, 46] in the form:





respectively. According to the work of Kamiuto [46], this model is more accurate
among the formula examined. The thermal conductivity, λf , and the specific heat
capacity, cp, of the fluid are defined as function of temperature by using correlations
from the work of Wu et al. [20] in the form of polynomial curve fits to data for a
temperature range reported in 100 to 1600 K from the work of Mulholland [47]:
λf = 1.52× 10−11T 3f − 4.86× 10−8T 2f + 1.02× 10−4Tf
− 3.93× 10−3
(3.12)
cp = 1.93× 10−10T 4f − 8× 10−7T 3f + 1.14× 10−3T 2f
− 4.49× 10−1Tf + 1.06× 103
(3.13)
The thermal conductivity of the solid phase, λs, is considered to be constant and
its value is given in Section 3.3.2.
3.2.3 Thermal radiation modelling
To compute the thermal radiation source term Qir in Eq. (3.8), it is necessary to
solve the radiative transfer equation (RTE) [48]. In this work, the P1 approximation












in which G is the incident thermal irradiation (irradiance) in W m−2, β is the
extinction coefficient, κa is the absorption coefficient of the porous media and σ is
the Stefan Boltzmann constant. The extinction coefficient β is defined as:
β = κa + κs (3.15)
where κs is scattering coefficient. According to geometric optics approximations [49],
κa and κs can be defined respectively as [12]:
κa = 1.5ε(1− φ)/dp (3.16)
κs = 1.5(2− ε)(1− φ)/dp (3.17)
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where ε is the emissivity of the porous media solid material. Then, the thermal






The emissivity of the solid material, ε, is considered to be constant and its
value is given in Section 3.3.2. According to geometric optics approximations, the
estimation of the absorption and scattering coefficients using Eqs. 3.16 and 3.17 can
be considered a good approximation when the size of the ligament (bridges) of the
porous structure, with which light interacts, is much larger than the wavelength of
the incident radiation [49]. According to the work of Cunsolo et al. [50], the smallest
ligament size is around 100 µm for foam structures, which allows this approach to
be suitable for the visible and the higher energy infrared spectrum.
3.2.4 Modelling of solar radiation concentration, propagation and absorption in the porous
media
In order to obtain the absorbed solar radiation Qsolar, which is the source term in
the energy conservation equation (Eq. (3.8)), the in-house Monte Carlo Ray Tracing
(MCRT) method developed in a previous work by Barreto et al. [15] is employed
using as input the results from the ray tracing software Tonatiuh (2.2.2) [51]. This
software, which also use MCRT method, was used to model the concentrated solar
radiation flux at the inlet of the receiver, and then the in-house MCRT method was
used to compute the propagation and absorption of solar radiation inside the receiver.
In a general way, the MCRT method consists in splitting the solar irradiance into
a high number of small equal amount of energy, called rays, and then compute the
path of each one until they are absorbed (final position) or leave the system. In this
work, an open porous volumetric receiver (without glass window) is considered and it
is assumed that the radiation only propagates in the transparent working fluid (air).
For this reason, it is considered that the refractive index of the porous media is equal
to that of air, which means that there is no refractive-index mismatched between the
porous media and environment. Then, when the rays from the concentration system
hit the front surface of the receiver, they directly enter into the receiver without
reflection and absorption [15, 16]. To compute the path lβ of each ray inside the





in which ξ is a random number between 0 and 1. To decide if the ray is absorbed or
scattered another random number ξ is generated, and the following conditions are
used:
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ξ 6 ω, scattering
ξ > ω, absorption
in which ω = κs/β is the scattering albedo of the porous media. If scattering occurs,
the Henyey-Greenstein phase function [52], which gives the probability of a given





(1 + g2 − 2g cos θ)3/2 (3.20)
where Φ is the phase function, θ is the polar scattering angle and g is the asymmetry
factor that can assume values between −1 (full backscattering) and 1 (full forward
scattering), with 0 standing for uniform scattering. The side wall is treated as a
perfect diffuse reflector with albedo ωw, with the reflection angle also determined
through a random number.
Once having the final positions of all the absorbed rays (for more details about the
MCRT method, see ref. [15], which focuses only on this part), a statistical analysis





where Vev and Nev are, respectively, the volume and the number of rays absorbed in
each small element of volume used in the meshing process described in Section 3.3.1,
and e (e = 7.854× 10−6 W) is the power per ray defined as the product between the
aperture area of the concentration system and the direct normal irradiance (DNI)
and then divided by the total number of rays used in the MCRT method, which are
given in Section 3.3.2.
In this work, the concentrated solar radiation field is generated through a parabolic
dish with the configuration shown in Fig. 2.6, used here mainly for the development
and validation of the global thermal model of the receiver. Once validated, this
global model can be used with other concentration systems, such as tower type
concentrators [53], provided that the incident radiation is previously obtained via
the Tonatiuh software, for example. The size of the parabolic dish is calculated as
function of the concentration factor, using the following relation [15]:
rdis = rrec(C + 1)
1/2 (3.22)
where rdis and rrec are the radius of the parabolic dish and receiver respectively, and
C is the concentration factor defined as the ratio between the aperture area of the
parabolic dish irradiated by the sun and the area of the receiver aperture [15].
The main focus of this work is to investigate the thermal and hydrodynamic
performances of the porous volumetric receiver. For this reason, some details of the
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concentration system were not included, such as the tracking, slope, non-specular








 θs  
Fig. 3.2: Schematic of the concentration system.
3.2.5 Boundary conditions
Solving Eqs. (3.1), (3.2), (3.7), (3.8) and (3.14) requires setting appropriate boundary
conditions. As shown in Fig. 3.1, there are three boundary patch: inlet (z = 0), outlet
(z = L) and the side wall. For these boundaries, the conditions for the superficial
velocity ~U , pressure p, temperature of the fluid Tf , temperature of the solid Ts and
thermal radiation exchange with the surrounding must be defined. Accordingly, the
following conditions are used:
• Inlet (z = 0):
At the inlet, in addition to the assumptions described in Section 3.2.4, one considers
that there are no convective and conduction heat losses from the solid and fluid to
the environment (the fluid is forced to enter into the receiver), the pressure gradient
is zero, and the velocity and temperature of the fluid are specified:
~U = ~Uin
~n · ∇p = 0
Tf = Tin
(1− φ)λs(~n · ∇Ts) + (1− φ)εσ(T 4s − T 4in) = 0
where ~Uin and Tin are given values of superficial velocity and temperature of the
fluid at the inlet (uniform values), respectively, ~n is the normal unit vector to inlet
surface and pointing out the receiver and Ts is the temperature of the solid. For the
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thermal radiation exchange, the Marshak boundary condition [48] is used assuming









~n · ∇G (3.23)
It should be noted that the temperature of the surroundings and the fluid at inlet
are considered to be the same (Tin).
• Outlet (z = L):
At the outlet, fully developed conditions for the fluid temperature and velocity are
considered, and the value of the pressure is specified:
~n · ∇(~U · ~n) = 0
p = pout
~n · ∇Tf = 0
(1− φ)λs(~n · ∇Ts) + (1− φ)εσ(T 4s − T
4
f ) = 0
where pout is a given value of pressure (uniform value), Ts is the temperature of the
solid and T f is the mean temperature of the fluid at the outlet. For the thermal
radiation exchange, the same Marshak boundary condition used at inlet is considered











~n · ∇G (3.24)
• Wall:
The side wall of the receiver is considered to be adiabatic and the no-slip condition
of the fluid is used:
~U = ~0
~n · ∇p = 0
Tf = Ts
(1− φ)λs(~n · ∇Ts) + φλf (~n · ∇Tf ) = 0
in which ~0 is a null vector. For the thermal radiation exchange, the following form of









~n · ∇G (3.25)
where εw is the emissivity of the wall and Ts is the temperature of the wall. Considering
that the wall of the receiver is opaque and its absorptivity equals its emissivity
according to the Kirchhoff’s law [48], then its emissivity and its albedo are related
through εw = 1− ωw [48].
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3.3 Numerical method
The constitutive equations for mass, momentum and energy conservation were solved
in Cartesian coordinates using finite volume method (FVM) in OpenFOAM (v3.0+)
[54], a free open source Computational Fluid Dynamic (CFD) software. The pressure-
velocity coupling is solved using the SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) algorithm [55, 56]. A new solver in OpenFOAM was programmed
based on an existing solver and then the MCRT method, which was developed in
Octave (3.6.0) [57], was coupled to this solver for the statistical analysis in the CFD
mesh, as described in Section 3.3.1. The parameters used to simulate the system are
described in Section 3.3.2.
3.3.1 CFD mesh and its coupling with the MCRT method
Different grid structures can be used to mesh a cylindrical geometry [58]. If a simple
polar grid is used, it leads to a singularity problem in the centre of the receiver [59],
which should be solved. A multi block-structure approach known as butterfly grid
[58] is usually adopted to overcome this problem, which gives better results than
the other types of meshes according to Hernandez-Perez et al. [58]. Fig. 3.3 shows
a quarter of the circular section of the receiver according to this approach, divided
into three zones: a central square (1); and two symmetrical areas (2 and 3) delimited
by the boundary of the central square zone (1), the bisectrix CF and the receiver
perimeter. The grid zones of remainder quarters of the receiver are symmetrical to
those shown in Fig. 3.3. Simulations using different size of the central square were
carried out, and using OpenFOAM functions it was found that using a central square
zone with diagonal equal to half of the receiver radius leads to a better mesh quality.
In this case, the worst irregularity of the mesh is near the point C.
Therefore, in order to increase as maximum as possible the mesh quality, a
smoothing tecnique available in the OpenFOAM community [60] was also applied. It
should be noted that after applying this technique some points of the mesh will move
slightly, but the grid topology still be the same. Regarding the number of nodes, it
is considered that all the lines shown in Fig. 3.3 (DA=CB=FE, AB=DC=GF and
BE=CF=DG) have the same number of nodes, which will lead to a more uniform
grid. A uniform distribution of nodes is used along the height of the receiver. The
number of nodes used and the final structure of the mesh are presented and discussed
in Section 3.3.3, where some grid-independence testes are also reported.
The CFD and MCRT models are coupled by counting the absorbed solar rays
obtained as described in Section 3.2.4 in the CFD mesh. For each element of volume
(cell), the number of rays that are inside it is counted using internal OpenFOAM
functions, and then the spatial distribution of the absorbed solar radiation is computed
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using Eq. (3.21), which is then included in the energy conservation equation of the













Fig. 3.3: Topology for the CFD mesh.
3.3.2 Parameters of the reference configuration
Table 3.1 presents the values of the radius rrec and height L of the receiver, diameter
of the pores dp, porosity φ, emissivity of the ceramic foam ε and wall εw, asymmetry
factor g of the phase function and thermal conductivity λs of the ceramic foam,
used in this study. The material of the receiver is silicon carbide (SiC) foam with a
constant value of thermal conductivity obtained from the work of Villafán-Vidales
et al. [61] and Eom et al. [6].
Table 3.1: Geometric parameters of the porous volumetric receiver and transport properties









λs (W m−1 K−1) 80
The concentration of the solar radiation is modelled through the Tonatiuh software
including the effect of the circumsolar radiation ratio (CSR) described by the Buie
distribution [62, 63] for clear sky condition, which corresponds to model the sun as a
dish (half angle of θs = 4.65 mrad) together with the circumsolar aureole. Table 3.2
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presents this value and the concentration ratio C, focal distance f of the parabolic
dish, distance df (see Fig. 2.6), direct normal irradiance DNI and reflectivity ρdis of
the parabolic dish, used to simulate the concentration system. A total number of
rays of 1× 108 is used in this simulation, which is enough to ensure that the error of
the absorbed solar radiation distribution in the receiver is low [15].





DNI (W m−2) 800
ρdis 0.95
CSR 2%
For the fluid flow and heat transfer boundary conditions, the superficial velocity
and the temperature of the air at the inlet are ~Uin = (0, 0, 1.5) m s−1 according to the
coordinate system shown in Fig. 3.3 and Tin = 300 K, respectively. For the pressure
at the outlet, it is used the normal atmospheric pressure pout = 1.013 25× 105 Pa.
For the convergence criteria, a normalised residual error of 1× 10−7 was used for
the mass (continuity), momentum, fluid and solid phases and radiative transfer
equations.
3.3.3 Grid-independence study
A grid-independence study was done to select the optimum size of the mesh consider-
ing the conditions presented in Section 3.3.2 and using the parabolic dish to generate
the concentrated solar radiation field on the inlet of the receiver, as explained in
Section 3.2.4. For this purpose, 40 nodes in the line segments shown in Fig. 3.3
of Section 3.3.1 and 100 nodes along the height of the receiver with a uniform
distribution were used as a benchmark solution. A refinement of the mesh near the
inlet and wall were tested, but the impact on the overall results are minimal, which
do not justify the refinements. For this reason a uniform mesh was used.
Fig. 3.4 shows the temperature profiles of the solid and fluid phases along the axis
and the radial distance at the outlet of the receiver for different mesh sizes, including
the benchmark solution. These results show that using a mesh size of 20x70, where
20 is the number of nodes on the line segments explained in Section 3.3.1, and 70 is
the number of nodes along the height of the receiver, the maximum difference of the
temperature profile of the solid and fluid phases relative to the benchmark solution
is less than 0.2%. For this reason, and due to a compromise with the computation
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time, a grid size of 20x70 was selected for this study, as shown in Fig. 3.5 (a). Fig.
3.5 (b) shows the real cylinder receiver made of SiC ceramic foam considered in this
study, which was provided by LANIK ceramic foam company [64].




























































Fig. 3.4: Temperature of the solid and fluid phases along the axis (a) and the radial distance





Fig. 3.5: View of the selected mesh size with 20x70 nodes (a) and the real SiC ceramic
foam provided by LANIK ceramic foam company [64] (b).
3.3.4 Comparison of the present model with previous works
The validation of the MCRT method is presented in the work of Barreto et al. [15],
in which the results show excellent agreement (errors less than 0.41%) with the work
of van de Hulst [65]. The validation of the CFD model (fluid flow and heat transfer
processes) was done comparing the temperature of the fluid and solid phases along
the axis of the receiver with that obtained by Wu et al. [20] for a test case. This test
case is characterised by a diameter of the pores of dp = 1.5 mm, a porosity φ = 0.8,
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an emissivity of the porous material and wall of ε = 0.95 and εw = 1, respectively,
a uniform normal incident solar flux at the inlet of 600 kW m−2 and two different
values of inlet superficial velocity of ~Uin = (0, 0, 2.16) m s−1 and ~Uin = (0, 0, 1.08)
m s−1. All the other parameters (boundary conditions and properties of the porous
media) remain the same to those presented in Section 3.3.2. Fig. 3.6 shows the results
of the test case, where the two models show an excellent agreement. The temperature
of the solid has the highest deviation, but with differences less than 1.8% when
~Uin = (0, 0, 1.08) m s−1 and 1% for ~Uin = (0, 0, 2.16) m s−1. It should be noted that
their model was validated with experimental measurements obtained by testing a
volumetric open air receiver made of open-cell SiC ceramic foam in a solar furnace at
a laboratory scale. Model results agreed well with the experimental tests, with errors
less than 10% in the temperature of the solid phase [20]. This shows that the present
model also generate valid results, with errors in the same order of magnitude, and
thus it is appropriate to model volumetric receivers successfully (Fig. 3.6).




















Tf , this work
Ts, Wu et al. [20]
Tf , Wu et al. [20]
~Uin = (0, 0, 1.08) m s
−1
~Uin = (0, 0, 2.16) m s
−1
Fig. 3.6: Temperature of the solid and fluid phases along the axis of the receiver obtained
in this work and from Wu et al. [20].
3.4 Results and discussion
The CFD and MCRT models are coupled together and used to simulate the per-
formance of the reference configuration of the porous volumetric receiver, using
a parabolic dish to generate the concentrated solar radiation field on the receiver
aperture. The concentration system is designed for 2.3θs (10.8 mrad of acceptance
angle), but a receiver with a larger aperture area (rrec = 2.5 cm) is placed below the
focal point using df = 2.25 cm (see Fig. 2.6), because a smoother solar radiation flux
and angle of incidence distributions are obtained for this case without decreasing the
optical efficiency. Section 3.3.2 presents the simulation parameters for this reference
configuration. Due to the symmetry of the problem when using a parabolic dish, only
3.4 Results and discussion 61
the results for a cross section along the axial distance of the receiver are presented.
The simulation of the concentration system resulted in an efficiency of 93.71%,
defined as the ratio between the total solar power available at the receiver inlet and
the power available at the parabolic dish aperture (it includes the reflection loss of
the concentrator). Fig. 3.7 shows the obtained radial distribution of the concentrated
solar radiation and the mean angle of incidence on the receiver inlet. The solar
radiation flux decreases from the centre to the border of the receiver inlet, and the
mean angle of incidence has an inverse variation. The effect of the receiver shadow
on the concentrator it is also observed, wherein the flux close to the centre decreases.
Different values of the distance between the receiver inlet and the focal point (df)
and of the focal length of the parabolic dish (f) result in different flux distributions.














































Fig. 3.7: Radial distribution of the perimetrically averaged concentrated solar radiation flux
and angle of incidence on the receiver inlet.
3.4.1 Reference configuration of the porous volumetric receiver
Fig. 3.8 presents the spatial distribution of the absorbed solar radiation in the porous
structure for the reference configuration of the receiver. A peak of absorption of
142 MW m−3 is observed in the porous structure, close to the focal point of the
concentrator. This peak is caused by the convergent angles of incidence of solar
radiation and the high porosity and pores size of the porous material used.
Fig. 3.9 shows the spatial distributions of the solid and fluid phases tempera-
ture. There is a hot spot of 853 K in the porous structure, in the same region of
the maximum absorption of solar radiation, while the fluid phase has its highest
temperature of 783 K slightly downstream in the direction of the flow due to the
convection. Different inlet fluid velocity, porosity, pores size, thermal properties of
the porous media and design of concentration system result in different temperature
distributions.



















Fig. 3.9: Spatial distribution of the temperature of solid (a) and fluid (b) phases.
Fig. 3.10 and Fig. 3.11 present the convective heat transfer between the solid and
fluid phases (hv(Ts − Tf )) and the magnitude of the fluid velocity, respectively. Fig.
3.10 shows that the temperature of the fluid is slightly higher than the temperature














Fig. 3.11: Spatial distribution of the magnitude of the fluid velocity.
of the porous structure in the flow core region close to outlet, which means that
heat transfers from the fluid to the solid matrix by convection (negative values).
The same inversion on the temperature difference can also be found, for example, in
the works of Chen et al. [18], Chen et al. [40] and Nimvari et al. [38]. This effect is
mainly due to the lower absorption of solar radiation in that region, as shown in Fig.
3.8, and thus a lower temperature of the porous material. However, the most of this
heat is transferred by conduction and thermal radiation to the colder regions of the
solid matrix, namely in the outer annular region of the receiver, and then transferred
back to the fluid. A small part is lost by thermal radiation through the outlet plane
according to the imposed boundary condition. Regarding the magnitude of the fluid
velocity, it is higher in the region of highest temperatures due to the variation of the
fluid density.
The simulation of the reference configuration resulted in 628.92 W of thermal
power output, 85.46% of thermal efficiency, 474.22 K of mean fluid temperature at
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the outlet and a pressure drop across the receiver of 103.10 Pa. The thermal efficiency
is defined as the ratio between the thermal power output and the total solar power
available at the receiver inlet, while the pressure drop is the difference between the
mean pressures at the receiver inlet and outlet. The final global efficiency of the
concentrator and receiver is the product between the efficiency of the concentration
system and thermal efficiency, which is 80.08%.
The losses of the receiver are divided in two parts: (i) optical losses, which are due
to the propagation and absorption of solar radiation in the porous media; and (ii)
thermal radiation losses, which are caused by the increasing temperature differences
between the porous structure and the environment. The main losses are in the
propagation and absorption of solar radiation (accounted in the thermal efficiency),
in which a fraction of the incoming energy is lost through the inlet plane due to the
backscattering.
Regarding to reference values of performance of porous volumetric receiver avail-
able in the literature, an example is the work of Zhu et al. [66], where an experimental
analysis of a new design of a pressurised porous volumetric receiver coupled to a
parabolic dish with a concentration ratio of 1750 is presented. Their receiver is made
of 65 mm-tick nickel foam with 75 PPI (pores per inch), which means that the pore
diameter is about 0.34 mm, and air is used as the heat transfer fluid. For the test
conditions, it was found global efficiencies above 55%, with a maximum value of
87%, and mean fluid temperatures at the outlet between 673 K and 748 K. Other
studies, including some for different designs of porous structure and other type of
receivers, are described in the recent work of Sedighi et al. [67]. In this work, the
mean fluid temperature can be increased, for example, increasing the concentration
ratio and decreasing the inlet fluid velocity. Fig. 3.9 (b) of the present work shows
that the radial profile of the fluid temperature at the outlet is not uniform, since
the temperature in the core region is higher than that of the peripheral annular
region. A smoother profile can be obtained, for example, by imposing a non-uniform
distribution of the fluid velocity at the inlet, as is discussed in the work of Nimvari
et al. [38], or having different porosities and pores sizes in the core and peripheral
annular regions of the receiver. A lower fluid velocity at the inlet of the annular
region of the present configuration will increase and smooth the radial profile of the
fluid temperature at the outlet.
3.4.1.1 Study on the effect of different approaches for adiabatic boundary condition on the
wall
Since the wall of the receiver is in contact with both solid matrix and fluid, makes its
modelling as adiabatic more difficult. For this purpose, two approaches are typically
considered, as described in the work of Yang et al. [68]. The first one (Model A) is
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the used in this work as presented in Section 3.2.5. This model considers that there
is a heat flux separation at the wall with different temperature gradients in the solid
and fluid phases, and it can be implemented considering that the temperature of
the film of fluid in contact with the wall is equal to the temperature of the solid
(no-slip condition) and that the sum of the conduction heat fluxes in the two phases
is zero. The second approach (Model B) considers that the temperature gradient
at the wall is zero for both solid and fluid phases (~n · ∇Ts = 0 and ~n · ∇Tf = 0).
This approach leads to a problem since the temperature of the fluid at wall is not
necessarily equal to the temperature of the solid, and thus it does not respect a
consequence of the no-slip condition. To show the differences between these two
approaches, Fig. 3.12 presents the temperature of the solid and fluid phases along
the radial distance at the height L/10, and Table 3.3 presents the thermal efficiency
(ηth), mean fluid temperature at the outlet (T f) and pressure drop (∆p), for these
two approximations. The impact on the overall results are minimal but the main
difference is in the temperatures close to the wall, where the two temperatures are
different in the case of Model B. This bias increases near the receiver inlet because
this is the region where the two temperatures are most different in the core flow
region.

























Fig. 3.12: Temperature profile of the solid and fluid phases for different adiabatic boundary
conditions approaches.
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Table 3.3: Thermal and hydrodynamic performance of the thermal receiver for different
adiabatic boundary conditions approaches.
Model ηth (%) T f (K) ∆p (Pa)
A 85.46 474.22 103.10
B 84.71 472.88 102.75
3.4.2 Study on the effect of the geometric parameters of the receiver element
The temperature of the solid and fluid phases strongly depends on the receiver
porosity and pores size, which are the two main parameters of porous media. To
better understand the effect of these parameters on the receiver performance, this
section presents the temperature distribution in the solid and fluid phases, the
thermal efficiency and the pressure drop across the receiver for two different values
of porosity and pores size. All the other parameters of the reference configuration
are kept equal to those presented in Section 3.3.2.
Fig. 3.13 and Fig. 3.14 show the temperature of the solid and fluid phases,
respectively, for porosity values of 0.8 and 0.7. Fig. 3.15 presents the temperature
profiles along the axis of the receiver for these two cases. Receiver elements with
higher porosity allow the solar radiation to be absorbed more in-depth in the solid
matrix, which makes the higher temperatures to occur in that core region (Fig. 3.13
(a), Fig. 3.14 (a) and Fig. 3.15). In the opposite, in receiver elements with lower
porosity (Fig. 3.13 (b), Fig. 3.14 (b) and Fig. 3.15), the peaks of absorbed solar
radiation and temperature are closer to the inlet.
Fig. 3.16 and Fig. 3.17 show the temperature of the solid and fluid, respectively,
for pores sizes of 2 mm and 1 mm. Fig. 3.18 presents the temperature profiles along
the axis of the receiver for these two cases. The pores size has a similar effect as
porosity on the temperature distributions in the receiver element. A larger pores
size results in higher values of temperature more in-depth in the solid matrix (Fig.
3.16 (a), Fig. 3.17 (a) and Fig. 3.18), while a smaller pores size results in lower peak
temperatures closer to the receiver element inlet (Fig. 3.16 (b), Fig. 3.17 (b) and Fig.
3.18).
Table 3.4: Thermal and hydrodynamic performance for thermal receiver elements with
different values of porosity.
φ ηth (%) T f (K) ∆p (Pa)
0.8 85.52 471.35 198.98
0.7 85.28 470.24 374.81












(b) φ = 0.7













(b) φ = 0.7
Fig. 3.14: Spatial distribution of fluid temperature for receiver elements with different
porosity.
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Fig. 3.15: Temperature of the solid and fluid phases along the axis of the receiver for












(b) dp = 1 mm
Fig. 3.16: Spatial distribution of temperature in the porous structure for receiver elements
with different pores size.
Table 3.5: Thermal and hydrodynamic performance for thermal receiver elements with
different pores sizes.
dp (mm) ηth (%) T f (K) ∆p (Pa)
2 85.46 473.83 190.55
1 85.13 471.67 592.55












(b) dp = 1 mm
Fig. 3.17: Spatial distribution of fluid temperature for receiver elements with different pores
size.

















dp = 2 mm
Continuous lines: Ts
dp = 1 mm
Dashed lines: Tf
Fig. 3.18: Temperature of the solid and fluid phases along the axis of the thermal receiver
for different pores sizes.
Fig. 3.18 shows that the decreasing of the pores size decreases the temperature
difference between the fluid and solid. The reason is that lower pores size means
higher volumetric convective heat transfer coefficient and heat transfer area, which
increases the heat transfer between the solid and fluid and reducing the temperature
difference. This is an example when the local thermal equilibrium (LTE) approach
can be a good approximation to study porous volumetric receivers.
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Table 3.4 and Table 3.5 show the thermal efficiency, mean fluid temperature at
the outlet and pressure drop, respectively, for the two porosities and pores sizes.
Receivers with lower porosity or pores size cause a higher pressure drop, which means
that more power is needed to pump the fluid through the receiver. The thermal
efficiency and the mean fluid temperature do not vary significantly for the used range
of porosities and pores sizes, but receiver elements with higher porosity and pores
size have slightly higher thermal efficiencies and mean fluid temperatures.
It worth to mention that if the internal geometry of the receiver is changed the
spatial distribution of the absorbed solar radiation, fluid velocity and heat transfer
conditions are all modified. Therefore, the optimisation of the receiver should consider
the distribution of the absorbed solar radiation to avoid peaks of temperature, which
can damage the receiver material, but also keeping good heat transfer and fluid flow
conditions.
3.4.3 Study on the effect of convergent and divergent incidence of solar rays
The results presented in previous sections are for the case of convergent incidence
angles of solar rays on the receiver inlet using df = 2.25 cm. This section presents the
temperature distributions in the solid and fluid phases for convergent and divergent
incidence angles at the inlet. The convergent or divergent incidence is obtained by
placing the receiver inlet plane below (df > 0) or above (df < 0) the focal point,
respectively (see Fig. 2.6).
Fig. 3.19 and Fig. 3.20 present the temperature distribution in the solid and fluid
phases, respectively, for convergent (df = 1.5 cm) and divergent (df = −1.5 cm)
incidence of solar rays. Fig. 3.21 presents the temperature profiles along the axis of
the receiver for these two cases. The main difference between these two configurations,
is that for divergent incidence, the temperature distribution in the solid (Fig. 3.19
(b)) and in the fluid (Fig. 3.20 (b)) are more uniform than in the case of convergent
incidence (Fig. 3.19 (a) and Fig. 3.20 (a)). For convergent incidence, a temperature
peak of 1220 K occurs in the region near the focal point, while for divergent incidence
angles a much lower peak of 675 K is observed. In this case, the wall absorbs a larger
amount of solar radiation, which increases the temperature close to the wall. Table
3.6 shows the efficiency of the concentration system (ηcs), thermal efficiency, mean
fluid temperature at the outlet and pressure drop, respectively, for the two values
of the distance df . The receiver is more efficient for the case of divergent angles of
incidence than for convergent incidence due to the high temperatures obtained in
this last case, which cause higher thermal losses.












(b) df = −1.5 cm
Fig. 3.19: Spatial distribution of temperature in the porous structure for different configu-
rations of the concentration system.
Table 3.6: Thermal and hydrodynamic performance of the thermal receiver for different
configurations of the concentration system.
df (cm) ηcs (%) ηth (%) T f (K) ∆p (Pa)
1.5 94.04 84.29 474.95 102.51
−1.5 94.02 86.85 474.43 104.48












(b) df = −1.5 cm
Fig. 3.20: Spatial distribution of fluid temperature for different configurations of the
concentration system.

















df = 1.5 cm
Dashed lines: Tf
df = −1.5 cm
Continuous lines: Ts
Fig. 3.21: Temperature of the solid and fluid phases along the axis of the thermal receiver
element for different configurations of the concentration system.
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3.5 Conclusions
In this work, a detailed three-dimensional modelling and thermal performance analysis
of porous volumetric receivers coupled to solar concentration systems are presented.
A cylindrical receiver element made of open-cell SiC ceramic foam was considered
as reference configuration, with the concentrated solar radiation generated by a
parabolic dish.
A detailed study on the effect of using different assumptions to describe the
temperature profiles near the wall when adiabatic boundary condition is assumed is
also presented. It was found that using heat flux separation for the solid and fluid at
the side wall leads to more accurate results.
Results show that receivers with high porosity and pores size and convergent
incidence of solar rays at the inlet plane generate a hot spot in the solid material
in the region close to the focal point of the concentration system, while the highest
temperature and velocity of the fluid are slightly downstream in direction of the flow
due to the convection. It was also found that in the core flow region close to the
outlet the fluid is hotter than the solid, which means that there is heat transfer from
the fluid to the porous structure.
The use of receivers with high porosity and pores size increases the thermal
efficiency and decreases the pressure drop substantially. The convergent incidence of
solar rays leads to peaks of temperature in the solid and fluid. A way to minimise
these peaks is to design the concentration system or place the receiver in such way
to obtain lower incidence angles at the inlet, which also leads to an increases of
the thermal efficiency because slightly lower temperatures are obtained for this
configuration.
The receiver performance and durability can be improved by finding the porosity,
pores size and fluid flow conditions that increase its thermal efficiency while not
increasing too much the pressure drop and temperature peaks. In the future, this
global model will be used to carry out several optimisations also taking into account
different concentration systems, as tower type concentrators, with and without second
stage concentration.
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Nomenclature
C concentration ratio (-)
cp specific heat capacity (J kg−1 K−1)
CSR circumsolar ratio (-)
df distance between the front face of the receiver and the focal point (m)
DNI direct normal irradiance (W m−2)
dp mean pore (void) diameter (m)
e power per ray (W)
f focus length of the parabolic dish (m)
g asymmetry factor of the phase function (-)
G incident irradiance (W m−2)
hv volumetric convective heat transfer coefficient (W m−3 K−1)
L height of the receiver (m)
lβ path length of rays (m)
~Ms momentum source vector (Pa m−1)
N number of rays (-)
Nu Nusselt number (-)
~n unit normal vector (-)
p pressure (Pa)
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Q heat source density (W m−3)
r radius (m)
R specific gas constant (J kg−1 K−1)
Re Reynolds number (-)
S Sutherland temperature (K)
T temperature (K)
~u average velocity (m s−1)
~U superficial velocity (~U = φ~u) (m s−1)
V volume (m3)
Greek symbols




θ scattering angle (rad)
θs half solar cone angle (rad)
κa absorption coefficient (m−1)
κs scattering coefficient (m−1)
λ thermal conductivity (W m−1 K−1)
µ dynamic viscosity (kg m−1 s−1)
ξ random number uniformly distributed between 0 and 1 (-)
ρ density (kg m−3) or reflectivity of the parabolic dish (-)
σ Stefan Boltzmann constant (5.670 367× 10−8 W m−2 K−4)
φ porosity (-)
Φ phase function (-)






ev element of volume
f heat transfer fluid (fluid phase)
in inlet




s solid matrix structure (solid phase)
solar solar radiation
th thermal
x, y, z three-dimensional spatial coordinates
w wall of the receiver

Chapter 4
Combined experimental and numerical determination of the
asymmetry factor of scattering phase functions in porous
volumetric solar receivers†
Abstract
Modelling of solar radiation propagation and absorption in porous media is a
crucial part in the modelling of porous volumetric receivers in concentrated
solar power (CSP) plants. The radiative properties of the porous media
should be known in detail for accurate receiver modelling. In this work,
an experimental study and a numerical model are combined aiming to
estimate the asymmetry factor of Henyey-Greenstein (HG) scattering phase
function in the visible spectral range for porous volumetric receivers made
of open-cell silicon carbide (SiC) ceramic foam. For the experimental, the
hemispherical diffuse reflectance of five different samples is measured using
a collimated light source and an integrating sphere. For the numerical
modelling, an algorithm based on a three-dimensional Monte Carlo Ray
Tracing (MCRT) method was developed to simulate radiation propagation
and absorption in porous media for the same conditions of the experimental
apparatus. The asymmetry factor is determined by adjusting its value in
the numerical model in order to minimize the difference between measured
and simulated values. Results show that the solar radiation scattering in
open-cell SiC ceramic foams is slightly backwards, being the optimum
asymmetry factor of the Henyey-Greenstein phase function approximately
−0.25, with a mean bias error of 0.0045% and a root mean square difference
of 0.2926% between modelled and measured values of diffuse reflectance.
†Germilly Barreto(1), P. Canhoto(1), and M. Collares-Pereira(1). Combined experimental and numerical
determination of the asymmetry factor of scattering phase functions in porous volumetric solar receivers.
Solar Energy Materials and Solar Cells, 206:110327, 2020.
(1) Institute of Earth Sciences, University of Évora.
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Experimental results were also compared with the phase function for packing
of spheres and with the isotropic scattering phase function. The first
overpredicts the diffuse reflectance, while the second function underpredicts
it.
Keywords: Solar energy; Volumetric receiver; Porous media; Open-cell ceramic
foam; Diffuse reflectance; Scattering phase function.
4.1 Introduction
High temperature solar thermal volumetric receivers combined with advanced power
cycles, such as the supercritical CO2 closed-loop Brayton cycle [1], is a promising
technology to improve the efficiency of concentrated solar power (CSP) plants [2].
Sedighi et al. [3] presented an in-depth look at the recent progresses in the high
temperature central receiver designs, and they pointed out that there are needs
for more proof-of-concept tests, since few studies have been carried out with real
prototypes operating under real weather conditions. Among these type of receivers,
the porous volumetric receivers are drawing the attention of researchers due to
their capabilities to achieve high temperatures and high thermal efficiencies [4]. The
working principle of the porous volumetric receivers consists on the absorption of
the concentrated solar radiation in a volume that is occupied by a porous structure,
through which also flows a heat transfer fluid that is heated, thus converting solar
radiation into thermal energy [5]. These receivers are normally made of metal or
ceramic materials, with ceramic materials being the most used due to their high
melting point, low thermal expansion and resistance to oxidizing atmospheres [4, 6],
which make them more suitable for the high temperature applications. The most
used ceramic material is the silicon carbide (SiC) because of its radiative and thermal
properties [6]. Regarding to geometry of the porous structure, there are two main
configurations, which are the open-cell foams and the honeycomb structures [7]. The
open-cell ceramic foams are the most investigated due to their good flow mixing
capability and high heat transfer area [8], and are also used in many other thermal
engineering applications, such as, porous burners [9, 10], heat exchangers [11, 12] or
molten metal filters [13, 14].
The numerical modelling of porous volumetric receivers encompasses three main
fields of study, which are: (i) propagation and absorption of solar radiation in the
porous media [15]; (ii) fluid flow and heat transfer modelling in order to obtain the
thermal and hydrodinamic performances [5] and (iii) prediction of radiative and
transport properties of the porous media [16]. Other studies, such as determination
of critical thermal loads [17], are also being conducted to improve the durability and
stability of materials. There are two main approaches in the numerical modelling
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of porous volumetric receivers. The first is the continuous-scale approach (CSA)
[15], where the porous structure is assimilated to a continuous semi-transparent
medium and the volume-averaged concept is used; and the other is the discrete-scale
approach (DSA) [18], where the porous structure is modelled explicitly using a detailed
description of the pores geometry. Recently, a new method known as scale-coupled
approach (SCA) was proposed by Xia et al. [19] and Li et al. [20]. This approach
consists in the combination of the CSA and DSA into a single computational domain,
which allows to unite the advantages of both methods, that is, less computational effort
(CSA) and accurate prediction of local radiative properties (DSA). The recent work of
Avila-Marin et al. [21] presents a comprehensive review of the main strategies adopted
to evaluate the performance of porous volumetric receivers in solar concentration
systems. They concluded that the CSA combined with numerical Computational
Fluid Dynamics (CFD) techniques, namely the local thermal non-equilibrium (LTNE)
approach for the heat transfer modelling between the fluid and the solid matrix
structure, is the most widely used strategy, as for example in the recent work of
Barreto et al. [5].
The propagation and absorption of solar radiation and the thermal radiation
exchange in porous media play an important role in the efficiency of porous volumet-
ric receivers. Therefore, an accurate modelling of such phenomena is essential and
thus it is important to know in detail the radiative properties of the porous media.
These properties are the extinction coefficient (sum of the scattering and absortption
coefficients), scattering albedo (ratio between the scattering and extinction coeffi-
cients) and scattering phase function [16]. Several studies have been conducted on the
estimation of these properties, which can be divided in two main approaches. The first
is the combination of experimental measurements with numerical modelling [22] (nor-
mally using the CSA) to predict the equivalent volumetric radiative properties of the
porous media. The other approach consists in modelling an idealized structure of the
porous media (DSA) obtained through a computational algorithm [16], or modelling
the real structure obtained through tomography techniques [23, 24], which allows an
accurate prediction of the local radiative properties. For both approaches, the Monte
Carlo tracing (MCRT) method [15] is used to model the radiation propagation in
the porous media.
In the work of Li et al. [16], a detailed analysis of the radiative properties of
irregular open-cell foams is presented. They developed a MCRT method for a 3D
foam structure generated thought Voronoi tessellation technique to extract the
radiative properties. It was found that the extinction coefficient depends on the
porosity, mean pores size and the shape of the ligaments of the porous structure; the
scattering albedo depends on the radiative properties of the solid structure material;
and that the scattering phase function does not depend on the reflectivity of the solid
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structure surface, but on the combination of the surface reflection, interface refraction
and volumetric radiation propagation inside the solid structure. Similar results are
presented in the work of Parthasarathy et al. [23], where they concluded that the
extinction coefficient increases with decreasing porosity for the same pore density
and that the scattering phase function is independent of the structural properties
of the porous media (porosity and pores density). Cunsolo et al. [25] conducted
a similar study, but they focused only on the extinction coefficient, where a new
correlation for the extinction coefficient is proposed. Regarding to experimental
studies, a commonly used method is measuring separately the hemispherical total
reflectance and hemispherical diffuse reflectance (specular reflection is not accounted)
[26], or even measurement of both reflectance and transmittance [27]. For example, in
the work of Baillis et al. [27] the spectral radiative properties of polyurethane foam are
estimated through measurements of hemispherical and bi-directional reflectance and
transmittance using integrating spheres. They found that combining the hemispherical
and bi-directional measurements is better to predict radiative parameters than only
bi-directional measurements. Another important radiative property of porous media
is the emissivity of the material of the solid structure. Experimental techniques have
been used to obtain this property, as for example the one described in the work
of Ravindra et al. [28], where an overview of spectral emissivity measurements is
presented, and in the work of Balat-Pichelin and Bousquet [29], where measurements
of directional and hemispherical emissivity are reported.
The scattering phase function is one of the most important radiative properties
that affects the propagation and absorption of solar radiation in porous media. For
example, the recent work of Zhao et al. [30] presents the effect of using different phase
functions on the determination of thermal and radiative properties of ceramic foams
made of Al2O3 through an inverse numerical method combined with experimental
measurements. They showed that all the studied phase functions can be successfuly
used to estimate the thermal properties, but the linear anisotropic scattering phase
functions are more accurate for the prediction of radiative properties. Regarding
the determination of scattering phase functions, the effect of different function
forms on the modelling of near ultraviolet radiation propagation and absorption in
photocatalytic reactors using the MCRT method is reported in the work of Hou et al.
[31]. They compared numerical results against experimental measurements in order
to determine which phase function presents the best fit. Among the investigated
functions, best results were obtained using the Henyey–Greenstein (HG) phase
function [32] with an asymmetry factor in the range of 0.5 to 0.7. The work of
Petrasch et al. [33] presents the determination of the scattering phase function by
modelling a 3D ceramic foam structure through a MCRT method. They found that
scattering in the ceramic foam is more backwards, with a weaker forward component
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than for the case of a large spherical particles packaging. The spectral dependence
of the radiative properties was studied by Hendricks and Howell [22] through an
inverse analysis technique, in which a radiative transfer model is combined with
measurements of spectral hemispherical reflectance and transmittance of different
samples of open-cell ceramic foams. They estimated the spectral absorption and
scattering coefficients and scattering phase function in the range of 0.4 to 5.0µm.
They also investigated the effect of using different phase functions in the estimation of
the radiative properties, with the Henyey-Greenstein phase function showing better
results. Other phase functions have been studied, as for example, in the work of
Tseng et al. [34], which presents the radiative properties of open-cell SiC foam in the
infra-red spectrum based on the Mie scattering theory, and where it was found that
the forward scattering is predominant in this spectral range.
Previous works show that the phase function plays a crucial role in the modelling of
radiation propagation in porous media and that it is one of the most difficult radiative
properties to estimate. Among all the commonly investigated phase functions, the
Heney-Greentein phase function is one of the most extensively studied because
it is easily parameterised to simulate different scattering conditions by adjusting
only one parameter, the asymmetry factor. However, the literature shows a gap in
the determination of the asymmetry factor of the Heney-Greentein phase function
when it is used for modelling solar radiation propagarion and absorption in porous
volumetric receivers [15]. To contribute to fill this gap, in this work an experimental
study and a numerical model are combined aiming to estimate the asymmetry factor
of the Heney-Greentein scattering phase function for modelling porous volumetric
receivers coupled to solar concentration systems. To that end, the hemispherical
diffuse reflectance of different samples of open-cell SiC ceramic foam is measured
and then the asymmetry factor in the numerical model was adjusted to minimize the
difference between measured and simulated values of reflectance. For the numerical
model, an in-house three-dimensional Monte Carlo Ray Tracing method was used
to model the radiation propagation in porous media for the same experimental
conditions, and considering the continuous-scale approach of the porous media.
4.2 Experimental apparatus and procedure
In the following, the experimental apparatus and procedures to obtain the porosity,
pores size and diffuse reflectance of five samples of open-cell ceramic foam with
different pores densities are presented. The samples used in this work (Fig. 4.1) were
provided by LANIK ceramic foam company [35], which manufactures these pieces as
filters of molten metal for metallurgical industry. The samples are cylindrical with
a height of H = 5 cm, a diameter of Ds = 6.35 cm and pores densities of 20, 25,
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30, 40 and 60 PPI (pores per inch). The chemical composition of the solid matrix
structure is 65± 6.5% of silicon carbide (SiC), 15± 1.5% of aluminium oxide (Al2O3)
and 20± 2.0% of silicon dioxide (SiO2).
Fig. 4.1: Open-cell SiC ceramic foam used in the experimental measurements.
4.2.1 Porosity
In this study, it is more useful to have the porosity φ in terms of fraction of void
space in relation to the external volume of the sample, instead of having pores density
in PPI. For this purpose, the following relation is used to obtain the porosity:
φ = 1− m
ρV
(4.1)
where m is the mass of the sample, V is the (total) volume based on the external
dimensions of the sample and ρ is the apparent density (bulk density) of the ceramic
body. The density is provided by the manufacturer, which is ρ = 2.35± 0.118 g cm−3.
The mass of each sample was measured using a high precision scale (errors less than
0.01 g). The obtained porosities and respective uncertainties are presented in Table
4.1.







It should be noted that the material itself is also porous, with a porosity around
21% (having a very small pore scale compared to the foam pore size), which was
neglected when determining density ρ and porosity φ, since almost all micropores
are closed (not contributing to radiation propagation).
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4.2.2 Pores size
Other two important parameters of porous media are the pores size and pores
geometry. The pores can have different shapes and sizes, which becomes difficult
to characterize. Fig. 4.2 shows an example of how the pores can slightly change in
size and geometry in one of the faces of a 20 PPI sample. There are some pores
non-homogeneity near the sample surface, which effect is discussed in Section 4.2.4.
According to the data provided by the manufacturer, depending on the pores density,
the pore sizes (cross-section at the middle of the pores (cells)) may vary between a
minimum (d−p ) and a maximum (d+p ) value. These values are presented in Table 4.2
for the five samples used.
Fig. 4.2: Pores size, geometry and non-homogeneity near the face of the 20 PPI sample.
In this work, it is considered that the pores are spherical, and a mean pores
diameter dp is used. The mean pores diameter is calculated from the minimum and
maximum pores size shown in Table 4.2. To obtain the uncertainty of the mean
pores diameter, it is considered that the pores size in the samples follow a normal
distribution, and then the uncertainty is assumed as being the standard deviation of
that distribution. To calculate the standard deviation, it is considered an interval
of confidence of four times the standard deviation, in which 99.994% of the pores
sizes are included in the interval between the minimum and maximum values of
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Table 4.2: Minimum, maximum and mean pores size of the samples.
PPI d−p (mm) d+p (mm) dp (mm)
20 2.890 3.893 3.391±0.125
25 2.496 3.376 2.936±0.110
30 2.200 2.948 2.574±0.094
40 1.699 2.201 1.950±0.063
60 1.046 1.236 1.141±0.024
pores diameter. Therefore, the standard deviation is calculated by dividing half of
that interval by four. The values of mean pores diameter and the corresponding
uncertainties obtained through this assumption are also presented in Table 4.2.
Beyond spherical geometry, other approaches, such as, tetrakaidecahedral [36]
and dodecahedral [37] geometries are being considered. To have an equivalent rep-
resentation of the geometry of the pores when the diffent approaches are used, a
correction factor is normally applied to the mean pores size aiming to represent
the same fixed volume of the pores [16]. For example, in the work of Li et al. [16]
a correction factor of 1.08 was applied to a diameter of spherical pores in order
to represent dodecahedral pores. Considering the pores as spherical and using the
approach described above to calculate the mean pores diameter and the uncertainties
is a good approximation to characterise the geometry of the pores.
4.2.3 Diffuse reflectance
If a light beam hits on one of the faces of the porous media it can be immediately
reflected or absorbed or it can enter the porous media and then either scattered
or absorbed. Also, some amount of the light scattered inside the porous media will
exit through the irradiated face of the sample, with the diffuse reflectance Rs being
defined as the ratio between the intensity coming out from that face and the total
incident light intensity. In this work, an integrating sphere is used to meassure the
diffuse reflectance. There are two main methods to measure diffuse reflectance with
integrating spheres, which are the comparison method and substitution method
[38]. In both methods, a calibrated reference with a known diffuse reflectance Rr
is needed. The substitution method has been adopted due to its higher accuracy
for the integrating sphere configuration of the present experimental apparatus. Fig.
4.3(a) shows the schematic of the integrating sphere setup. Two measurements are
needed, one using the calibrated reference and the other using the sample instead of
the reference. It should be noted that the cross-section area of the samples are higher
than the area of the port of the integrating sphere. For this reason, what it is really
measured is a diffuse reflectance R∗s different of the total diffuse reflectance Rs because
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not all the scattered light coming out from the sample enters into the integrating
sphere and is detected by the detector (Fig. 4.3(b)). The diffuse reflectance of the
sample is obtained through the simplified form of the equation from the work of











where Ls and Lr are the intensities measured by the detector when the sample and
reference are placed in the port of the integrating sphere, respectively. L0 is the
intensity measured with the light source switched on and placing a light trap in
the sample/reference port. Rr and R∗s are average reflectances of the surface of the
integrating sphere when the reference and the sample are used, respectively. These
average values are calculated as follow:
Rr =









where Ai is the area of the inner surface of the integrating sphere excluding the
ports, and Ap is the area of each port. All the three ports (light source, detector and
sample/reference) have the same area. Ri, Rd and Rl are the diffuse reflectances of
the surface of the integrating sphere, detector and light source, respectively. These
reflectance values and the diameters of the integrating sphere, Di, and ports, Dp,
are presented in Table 4.3. The only unknown in Eq. (4.2) to (4.4) is the reflectance
of the sample, R∗s, which is obtained by solving Eq. (4.2).
Fig. 4.4 shows the experimental apparatus used to meassure the diffuse reflectance
(total hemispherical reflectance), where the main components are identified. A sta-
bilised light source with a quartz halogen lamp with a color temperature of 3200 K
is used with a fiber optic illuminator and a light guide coupled to a focusing lens,
which produces a collimated light beam with a divergence angle lower than 4.5◦. For
the detector, a high precision silicon photodetector with a spectral response between
200 and 1100 nm is used. The reference diffuse reflectances are calibrated materials
from SphereOptics [39] (detailed information is provided in Section 4.2.5).
It is also possible to measure diffuse transmittance with the integrating sphere,
but for the ranges of height, porosity and mean pores size of the samples, the diffuse
transmittance is approximately zero.



























Diffuse Reflectance  
(Rs)
(b)
Fig. 4.3: Diffuse reflectane measurement: (a) Substitution method with integrating sphere;
(b) Propagation of light in porous sample and fraction of diffuse light captured by the
sphere.
Fig. 4.4: Experimental apparatus used to measure the diffuse reflectance of SiC samples.
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4.2.4 Main sources of error in measurements
There are different sources of error in the present experimental study, which can be
divided in two types. The first type of errors are associated with measurements of
the geometric parameters of the porous structure (porosity and pores size) and the
other are errors associated with the diffuse reflectance measurements. Regarding the
geometric parameters, the main source of error is in the determination of pores size
because the porous media is not homogeneous, thus making difficult to quantify a
mean pores size. Therefore, the main source of error is the assumption that pores
are spherical with a mean pores diameter that characterize them.
Regarding the diffuse reflectance measurements, the main source of error is in
the faces of the samples, where the pores size can be slightly smaller than the
pores size inside the sample, which causes a local non-homogeneity of the porous
structure near these surfaces that results from the fabrication process. This type
of non-homogeneities, which is identified in Fig. 4.2 in the 20 PPI sample, can
make the measured diffuse reflectance to be slightly higher than the reflectance of a
homogeneous sample. To minimise this problem, several measurements were taken
for each sample, turning or slightly shifting the sample laterally from its previous
position on the port of the sphere between each measurement. The mean value of
measurements is then used for subsequent calculations. The uncertainties associated
to the equipments and procedure also affect the measurements, however these errors
are minimal, as is discussed in Section 4.2.5. The experiment was performed under
dark conditions to minimize any possible error due to external radiation.
4.2.5 Validation and optimisation of the experimental procedure
The reflectance of the samples are measured using two calibrated diffuse reflectance
standards from SphereOptics company [39]. These references are calibrated in the
wavelength range between 250 and 2450 nm in steps of 1 nm, with a nearly constant
spectral response in that range. Although the variation of the reflectance of references
is small in the spectral range of solar radiation, a validation and optimization process
of the experimental procedure was done by using the calibrated reference A to
measure the reflectance of the calibrated reference B and vice versa. In this process,
it was found that the difference between measured and calibration mean values of
reflectance of both the references is less than 0.03% in the spectral range of 400 to
1049 nm, which is close to the spectrum of the lamp used in the illuminator (not
considering the infrared radiation, which is not measured by the detector) and is
centred in the solar spectral range. The obtained mean values of reflectance are
12.83% and 25.99% for the references A and B, respectively, which are the values
used in the determination of the diffuse reflectance of the porous samples. With this
94 Chapter 4. Combined experimental and numerical determination of the asymmetry factor
error magnitude found in the cross-validation between the two references, it can
be considered that the experimental apparatus and procedure allow measuring the
diffuse reflectance with high accuracy. These references were chosen because their
diffuse reflectances are close to the expected reflectance of the porous samples.
4.3 Numerical modelling
The propagation of radiation in the porous structure of the solar receiver element
(sample) was numerically modelled to simulate the experimental conditions and, with
that, to validate and tune the model by determining the optimal asymmetry factor
of the phase function for which the numerical results fit better to the measurements.
The model is based in the work of Barreto et al. [15], which was validated with
results from the work of van de Hulst [40]. The MCRT method consists in dividing
the incident collimated light beam into a large number of small equal amounts of
energy, called rays, and then trace their paths until they are absorbed or leave the
porous media [15]. The rays interact with the structure either by absorption or
scattering processes. If absorbed, the location of absorption will be the final position
of the rays, and if scattered a new direction is determined through a scattering phase
function. More details on the propagation and absorption processes modelling can
be found in the work of Barreto et al. [15]. Fig. 4.3(b) schematically shows several
possible ray paths that can be obtained from the MCRT method for the experimental
setup conditions. The porous media is characterized by the absorption coefficient
κa, scattering coefficient κs and extinction coefficient β, which can be expressed as
follow [41]:
κa = 1.5ε(1− φ)/dp (4.5)
κs = 1.5(2− ε)(1− φ)/dp (4.6)
β = κa + κs = 3(1− φ)/dp (4.7)
where ε is the emissivity of the material, φ is the porosity and dp is the mean pores






where ξ is a random number evenly distributed between 0 and 1. To decide if a
given ray is absorbed or scattered, another random number ξ is generated and the
following condition is used:
ξ 6 ω, scattering
ξ > ω, absorption
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According to the geometric optics approximations used [43] and the work of
Cunsolo et al. [44], the estimation of the absorption and scattering coefficients
through Eq. (4.5) and Eq. (4.6) is a good approximation because the size of the
ligaments (bridges) in the porous structure is much larger than the wavelengths of
the incident light.
4.3.1 Scattering phase function
When rays are scattered in the porous media, a phase function is needed to compute
the new direction of travelling of each ray. Several scattering phase functions have
been proposed in the literature. The Henyey-Greenstein (HG) phase function [32] is
used in this work because it can be easily adjusted to simulate different scattering





(1 + g2 − 2g cos θ)3/2 (4.10)
where θ is the polar angle of scattering and g is the asymmetry factor, which is
defined as the mean cosine of the polar angles of scattering. The asymmetry factor
varies between −1 and 1, with −1 being used in the case of full backscattering, 1 is
for full forward scattering and 0 for a uniform distribution [32].
Another example of phase function is from the work of Howell et al. [45], which
is used in this work for comparison only. This phase function (ΦH), which has an
asymmetry g = −0.444 (mean cosine of the scattering angles), was obtained by




(sin θ − θ cos θ) (4.11)
4.3.2 Diffuse reflectance
In the MCRT method, the diffuse reflectance Rs is defined as the ratio between the
number of rays that leave the porous media through the front face (Nof ) and the total
number of incident rays (NT ) on that face. However, to adjust the numerical model
to the experimental setup, a diffuse reflectance R∗s should be considered, defined
as the ratio between the number of rays that leave the porous media through the
area that corresponds to port aperture of the integrating sphere (N∗of ), and the total










It is also possible to compute the diffuse transmittance by counting the number
of rays that leave the porous media through the back face, however, because of
the relation between the height of the samples, pores size and porosities, this value
is minimal, and thus it was not compared against measurements in the present
experimental setup.
4.4 Results and discussion
The main purpose of this work is to validate the MCRT method and estimate the
asymmetry factor of the Henyey-Greenstein phase function by comparing experi-
mental measurements with numerical results. To do that, the numerical model is
adjusted to simulate the same experimental conditions. The only unknown is the
asymmetry factor, which is determined here by tuning its value in the numerical
model to minimize the difference between measured and simulated diffuse reflectances
(R∗s).
For the simulations, it is considered an incident collimated light beam (parallel
rays) perpendicular to the front face of the sample, and that the side wall has an
absorptivity equal to 1, which reproduce the experimental boundary condition when
the light scapes to the environment through that wall. The emissivity of the foam
material is ε = 0.84 [46], which corresponds to have a scattering albedo of ω = 0.58,
according to Eq. (4.9). A total number of rays of NT = 108 is used in the MCRT
method, which is enough to guarantee an accurate prediction of the diffuse reflectance
[15].
Fig. 4.5 shows the measured and modelled diffuse reflectances for optical thick-
nesses (b = Hβ, with β being calculated according to Eq. (2.3)) of the five samples
when different phase functions and asymmetry factors are used. The optical thickness
is used here to represent the reflectance results because it accounts for all the geo-
metric parameters of the porous media (height, porosity and pores size). The higher
uncertainties in optical thickness (calculated through propagation of uncertainty
theory) are mainly due to the uncertainties associated with the mean pores size
(diameter). The asymmetry factor of the Henyey-Greenstein phase function that
minimizes the differences between experimental and numerical results is g = −0.25
(backward scattering), with a mean bias error of MBE = 0.0045% and a root mean
square error of RMSE=0.2926%. The phase function of Howell et al. (H) [45], Eq.
(4.11), overpredicts the diffuse reflectance. In the literature, it is also used an isotropic
scattering phase function (HG (g = 0)), however, in this work it was found that this
function underpredicts the diffuse reflectance of open-cell ceramic foam, as shown in
Fig. 4.5. Even in the case of the phase functions HG with g = −0.444 and H (also
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with g = −0.444) having the same asymmetry, the respective diffuse reflectances are
slightly different because the probability distributions of the scattering angle are also
different. These probability distributions are presented in the polar plot of Fig. 4.6,
which also includes the other scattering phase functions shown in Fig. 4.5.
Fig. 4.7 shows the two modelled diffuse reflectances, Rs and R∗s, for different
asymmetry factors of the HG function and optical thicknesses of the samples. The
difference between the two reflectances is higher for lower values of optical thickness
(higher porosities and pores size) because light propagates more deeply in the porous
media and thus more light scapes from the samples outside the area of the port
aperture of the integrating sphere.
Results show that the scattering of radiation in the visible spectrum in open-cell
ceramic foam is slightly backwards, with an asymmetry when the Henyey-Greenstein
phase function is used of g = −0.25. It should be noted that these results were
obtained based on the integrated values of directional and spectral reflectance. To
obtain a detailed description of the scattering phase function of open-cell ceramic
foams, directional and spectral measurements of the diffuse reflectance are needed,
which will allow to obtain the accurate probability distribution of the polar scattering
angles.
Fig. 4.5: Comparison between numerical and experimental results and determination of the
asymmetry factor.
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Fig. 4.6: Polar plot of the scattering phase functions.
Fig. 4.7: Modelled diffuse reflectance (Rs and R∗s) for different phase functions.
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4.5 Conclusions
In this work, an experimental study and a numerical model are used aiming to deter-
mine the asymmetry factor of the Henyey-Greenstein (HG) scattering phase function
of open-cell SiC ceramic foam in the visible spectral range. The hemispherical diffuse
reflectance of five different samples with optical thicknesses ranging from approxi-
mately 6 to 16 was both measured and numerically modelled. Measurements were
obtained through an experimental setup and procedure that include an integrating
sphere and reference reflectances, while the numerical modelling was done through
an in-house algorithm based on the three-dimensional Monte Carlo Ray Tracing
(MCRT) method.
Results show that the radiation scattering in the visible spectrum in open-cell
SiC ceramic foam is slightly backwards, with an asymmetry factor when the Henyey-
Greenstein phase function is used of approximately −0.25. To obtain a detailed
description of the scattering phase function of open-cell ceramic foams, directional
and spectral measurements of the diffuse reflectance are needed. It was also found
that the isotropic phase function underestimates the diffuse reflectance, while the
phase function obtained through modelling of packing of spheres overpredicts the
diffuse reflectance of open-cell SiC foams. The diffuse reflectance of open-cell SiC
ceramic foam is about 16%, which directly affects the efficiency of porous volumetric
receivers. Lower reflectances can be achieved by using or designing porous structures
that provide more forward scattering, which can be obtained by changing the pores
geometry and orientation, and by improving the optical properties of the porous
material. Another method is to design the receiver inlet as a cavity for example,
aiming at to absorb and redirect to the receiver some amount of the backscattered
solar radiation.
This work contribute to fill the gap of knowledge in the asymmetry factor of
Henyey-Greenstein phase function when it is used to model scattering of solar
radiation in porous volumetric receivers coupled to concentration systems.
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b optical thickness (−)
dp mean pores diameter (m)
D diameter (m)
g asymmetry factor of phase function (−)
H height (m)
N number of rays (−)
lβ path length of rays (m)
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L power (W)
m mass (kg)
R diffuse reflectance (−)
V volume (m3)
Greek symbols
β extinction coefficient (m−1)
ε emissivity (−)
θ scattering angle (rad)
κa absorption coefficient (m−1)
κs scattering coefficient (m−1)
ξ random number uniformly distributed between 0 and 1 (−)
ρ density (kg m−3)
φ porosity (−)
Φ phase function (−)












Parametric analysis and optimisation of porous volumetric
solar receivers made of open-cell SiC ceramic foam†
Abstract
In recent years, research on the usage of porous materials as volumetric
thermal receivers in concentrated solar power (CSP) plants is growing
significantly. This interest is due to their capabilities to improve the efficiency
of solar radiation conversion into thermal energy. In this work, detailed
parametric analysis and optimisation of the thermal and hydrodynamic
performance of porous volumetric receivers are performed using a detailed
numerical model. The transport and absorption of solar radiation is modelled
through a Monte Carlo Ray Tracing algorithm, while the governing equations
of fluid flow and heat transfer are solved using a Computational Fluid
Dynamics model. The mean temperature of the fluid at the outlet, thermal
efficiency and pressure drop across the receiver are investigated through a
parametric analysis and optimisation for different values of porosity, pores
size and inlet fluid velocity. The receiver of choice should have high thermal
efficiency without greatly increasing the pressure drop and not decreasing
the mean fluid temperature at the outlet. Results show that these conditions
are achieved for receivers with high porosity (0.8 − 0.9) and pores size
(4.5− 3 mm). For a given receiver porosity, there is a pores size value that
maximises thermal efficiency, being this value lower for high porosity.
Keywords: Solar energy; Volumetric receiver; Porous media; Thermal efficiency;
Pressure drop; Optimisation.
†Germilly Barreto(1), P. Canhoto(1), and M. Collares-Pereira(1). Parametric analysis and optimisation
of porous volumetric solar receivers made of open-cell SiC ceramic foam. Energy, 200:117476, 2020.
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5.1 Introduction
Concentrated solar power (CSP) plants are among the promising technologies to
replace the conventional power plants based on fossil fuels, which are a source
of greenhouse gases emission [1, 2]. For this reason, CSP systems are intensively
studied nowadays, namely in terms of power plant design [3, 4], including the aspects
concerning the energy storage [5]. In this context, the thermal receiver design and
optimisation is drawing great attention since it is a crucial component of the system
in which solar radiation is converted into thermal energy. Porous volumetric receivers
are being proposed as a solution to improve the performance of CSP systems due to
their capability to achieve high values of temperature and thermal efficiency [6, 7].
These receivers consist in a solid matrix structure where the concentrated solar
radiation is absorbed, and where at the same time a heat transfer fluid (usually a
gas) is forced to flow to be heated and subsequently used in a power cycle [8].
Porous volumetric receivers in CSP plants can be studied experimentally and
numerically, with the numerical modelling approach being used more often for receiver
design and optimisation [9]. Regarding receiver modelling, the following physical
mechanisms should be considered: transport and absorption of solar radiation in the
porous media, fluid flow and heat transfer phenomena [8]. Due to the complexity
of these mechanisms, the porous media is usually modelled as a continuous semi-
transparent medium, known as continuum-scale approach (CSA), and then the
volume-averaged governing equations for local thermal non-equilibrium (LTNE)
between the fluid and the solid matrix structure are solved [8]. Avila-Marin et al.
[9] present a detailed description of modelling approaches used to study porous
volumetric receivers in CSP plants. Their main conclusion was that the combination
of CSA and numerical Computational Fluid Dynamics (CFD) techniques and the
LTNE assumption is the most used approach. Barreto et al. [8] also used this strategy
to develop a detailed three-dimensional model for a cylindrical receiver element
made of silicon carbide (SiC) ceramic foam coupled to a parabolic dish. This model
was then used to evaluate the receiver performance. Barreto et al. [10] developed a
Monte Carlo Ray Tracing (MCRT) method to model the transport and absorption
of solar radiation in the porous media, which is the most widely used technique
to simulate these physical phenomena. Regarding experimental research on porous
volumetric receivers, it is mainly related to the combination of theoretical models
with experimental measurements in order to estimate radiative properties (extinction
coefficient [11], scattering phase function [12] and emissivity [13]) and hydrodynamic
properties (pressure drop) [14] of the porous media. Other works, such as measuring of
temperature and thermal efficiency were also conducted aiming to validate numerical
models, as presented by Wu et al. [15] and Wang et al. [16], for example.
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The effect of geometric parameters (porosity and pores size) and working condi-
tions on the absorbed solar radiation and temperature distribution is well established
in literature [10, 8]. The work by Barreto et al. [10] presents a detailed parametric
analysis of the distribution of absorbed solar radiation in porous volumetric receivers.
They studied the effect of the extinction coefficient and of different concentration
system configuration on the distribution of absorbed solar radiation, as well as the
effect of optical thickness on the absorption efficiency. It was found that this distri-
bution strongly depends on the geometric parameters, and that convergent incidence
angles of solar radiation at the inlet of the receiver leads to high peaks of absorbed
solar radiation. Regarding temperature distribution, the work by Barreto et al. [8]
reports the effect of porosity, pores size and concentration system configuration on
the distribution of fluid and solid phases temperature. Results show that hot spots
are more often in receivers with high values of porosity and pores size and with
convergent incidence angles of solar radiation at the receiver aperture.
Numerical models allow to find the optimal internal geometry (porosity and pores
size) and working conditions (mass flow rate of heat transfer fluid and pressure drop)
that maximise the receiver performance. Receivers optimisation is focused mainly on:
(i) improvement of temperature distribution in the receiver in order to avoid hot spots
[17, 18], which can damage the receiver material; and (ii) maximisation of thermal
efficiency while keeping low fluid flow resistance [19, 20]. Different techniques can be
used to optimise temperature distribution, such as, receivers with composite porous
structure (different porosities) [17], receivers with gradual variation of porosity and
pores size [18, 21], or even optimising the distribution of the concentrated solar
radiation flux at the receiver inlet [8, 22]. For example, in the work of Chen et al.
[17], a receiver with different porous structures is proposed and studied numerically.
It was found that using materials with low porosity and small pores size close to
the inlet at the side wall can reduce temperature gradient in the solid and increase
the fluid temperature at the outlet. Another solution to avoid high-temperature
gradients is, for example, that reported by Nimvari et al. [23], where non-uniform
fluid velocity is imposed at the receiver inlet. This approach was compared with the
case of uniform fluid velocity, and it was found that the proposed solution can reduce
hot-spots in the solid.
Tao et al. [24] studied the effect of pores size and porosity distribution in the
distribution of absorbed radiation and thermal performance of porous volumetric
receivers. It was found that porous structure with pore-size-decreased and porosity-
gradually-increased distributions have the best thermal performance. In the work
of Zaversky et al. [20], a 1-D numerical and experimental evaluation of single-layer
and multi-layer configurations of a porous volumetric receiver are investigated. A
parametric analysis was conducted, and then the thermal efficiency was optimised.
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They found that increasing the receiver porosity leads to higher thermal efficiency.
The literature shows that the higher energy losses of the receiver are through diffuse
reflectance at the front face [12, 25], which directly affects the thermal efficiency. To
decrease the reflectance, Zhu and Xuan [25] proposed and investigated a receiver
with three different layers of porous structure aiming to increase the radiation depth.
They found that the proposed configuration can increase the thermal efficiency
up to 87%. Regarding works focused only on the optimisation of thermal and
hydrodynamic performances, in the work by Du et al. [19] a genetic algorithm was
coupled to a numerical model of a porous volumetric receiver in order to find receiver
configurations that maximise the thermal efficiency and keep low fluid flow resistance.
Their numerical model is based on the volume averaging and local thermal non-
equilibrium approaches, and they found that larger porosity and higher inlet velocity
improve the thermal efficiency of the receiver. It was also found that the optimum
pores size increases with increasing receiver thickness and decreasing fluid velocity
at the inlet.
The study of thermal performance of porous volumetric receivers is mainly
focused on the temperature distribution in the receiver. However, few works with a
detailed parametric analysis and optimisation of the thermal (efficiency and fluid
temperature at the outlet) and hydrodynamic (pressure drop) performances are found
in literature. Improving temperature distribution in the receiver is important to
prevent the existence of hot spots, which will increase the durability and stability of
the materials. However, the thermal efficiency, mean fluid temperature and pressure
drop across the receiver are also important parameters that quantify the receiver
performance. In this work, a detailed three-dimensional model is used to study the
effect of geometric parameters (porosity and pores size) and fluid flow conditions
(fluid velocity at the receiver inlet) on the thermal efficiency, mean fluid temperature
and pressure drop. The numerical model is based on previous validated works, and it
consists in coupling a MCRT method, which models the propagation and absorption
of solar radiation in the receiver, and a CFD model using the CSA and LTNE
approaches to simulate fluid flow and heat transfer processes. The effect of varying
only one or a combination of different geometric parameters and fluid flow conditions
is investigated. Then, a discussion on the receiver optimisation is presented in order
to maximise the thermal performance while keeping a low resistance to the fluid flow.
5.2 Numerical modelling
In this work, a cylindrical porous volumetric receiver using open-cell silicon carbide
(SiC) ceramic foam as absorber is considered, with a radius rrec and height L.
The receiver element is shown in Fig. 5.1(a), while Fig. 5.1(b) shows schematically
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the physical phenomena that occur during its operation [8]. A parabolic dish was
considered to generate the concentrated solar radiation flux at the receiver aperture
using the ray tracing software Tonatiuh [10, 26]. The concentration factor, focal
distance and reflectivity were set to C = 500, f = 70 cm and ρdis = 0.95, respectively,
while the distance between the receiver aperture and the focal point of the dish was
set to df = 2.25 cm [10]. The concentrated solar flux was simulated for a direct
normal irradiance of DNI = 800 W m−2 and a circumsolar ratio of CSR = 2%,
which is a representative value of clear sky conditions [27, 28]. The circumsolar ratio
(CSR) is defined as the ratio between the integrated sky radiance in the circumsolar
region (solid angle between sun radius and an aperture half-angle of 2.5◦) and the
integrated sky radiance between the sun axis and the aperture angle, that is, the























Fig. 5.1: Single element of porous volumetric receiver: (a) open-cell SiC ceramic foam (b)
solar radiation propagation and absorption, fluid flow and heat transfer mechanisms [8].
5.2.1 Transport and absorption of solar radiation in the receiver element
The heat source of the thermal receiver is the absorbed solar radiation in the solid
matrix. In this work, the transport process due to the scattering of solar radiation
and its absorption is modelled using the Monte Carlo Ray Tracing (MCRT) method
[10]. The algorithm is based on the continuum-scale approach (CSA) of the porous
media and consists in tracing the path of a large number of solar rays until they are





where ξ is a random number uniformly distributed between 0 and 1 and β is the
extinction coefficient. Then, to sort the rays that will be absorbed or scattered, a new
random number ξ is generated. If this random number is higher than the scattering
albedo ω = κs/β it means that the ray is absorbed. If the ray is scattered (ξ 6 ω),
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(1 + g2 − 2g cos θ)3/2 (5.2)
in which g is the asymmetry factor. This parameter can be adjusted to simulate
different scattering patterns.
The extinction coefficient is determined as a function of the absorption κa and
scattering κs coefficients, porosity φ and pores diameter dp, in the following way [10]:
κa = 1.5ε(1− φ)/dp (5.3)
κs = 1.5(2− ε)(1− φ)/dp (5.4)
β = κa + κs = 3(1− φ)/dp (5.5)
where ε is the emissivity of the solid structure.
The absorbed solar radiation distribution Qsolar = Neve/Vev is then obtained
though a ray counting process in the mesh of the CFD model [8], in which Nev and
Vev are the total number of rays and volume of each cell, respectively, and e is power
per ray [8].
5.2.2 Fluid flow and heat transfer in the porous media
The steady-state macroscopic three-dimensional continuity and momentum equations
are solved to model fluid flow and heat transfer, which can be expressed, respectively,
as [8]
Continuity equation:

















~U stands for the superficial velocity (~U = φ~u, with ~u representing the mean fluid
velocity in the pores), ρf and µf are the density and dynamic viscosity of the fluid,
respectively, and p stands for pressure. To account for the effect of the porous media
on the fluid flow, a momentum source term ~Ms is used through a correlation following
the Darcy–Forchheimer model [14]. The working gas (air) is assumed as ideal, with
its density being calculated through the equation of state and the viscosity through
the Sutherland law [31].
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The local thermal non-equilibrium (LTNE) approach, is used to model heat
transfer, which results in the following energy equations for the solid matrix structure
and heat transfer fluid, respectively:
Solid matrix structure:
0 = ∇ · (λse∇Ts) + hv(Tf − Ts) +Qir +Qsolar (5.8)
Heat transfer fluid:
∇ · (ρfcp~UTf ) = ∇ · (λfe∇Tf ) + hv(Ts − Tf ) (5.9)
λse and λfe stand for the solid and fluid thermal conductivities [32, 33], respectively.
hv is the volumetric heat transfer coefficient [34], Ts and Tf are the temperature
of the solid and fluid phases, respectively, and Qir and Qsolar are the heat source
terms due to the thermal radiation exchange and solar radiation absorption in the
solid, respectively. The specific heat capacity of the fluid cp is calculated using a
polynomial form available in the literature [15].
Thermal radiation exchange is modelled through the P1 approximation of the












where G is the (thermal) irrandiance and σ is the constant of Stefan Boltzmann, and
with the heat source term due to the thermal radiation exchange being calculated






There are three boundary patches in the receiver element, which are inlet, outlet and
the side wall. For the inlet, the fluid velocity ~Uin and temperature Tin are specified
and a zero pressure gradient is imposed. The thermal radiation exchange between
the solid surface and the environment is also considered, while the diffuse reflection
losses of solar radiation (backscattering) are accounted in the MCRT method. For
the outlet, the fully developed conditions for the fluid velocity and temperature are
used, and a pressure value pout is specified. The thermal radiation exchange between
the solid surface and the environment at outlet is also considered, while the losses
due to the solar radiation transmission are accounted in the MCRT method [10]. The
wall is considered as adiabatic and ideal diffuse reflecting surface, and the no-slip
condition for the fluid is used [8].
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5.2.4 Thermal and hydrodynamic performance of the receiver
The developed numerical model can be used to study thermal and hydrodynamic
performances of the porous volumetric receiver element with different internal geome-
tries and for different working conditions. Thermal and hydrodynamic performances
can be assessed through the heat extracted by the fluid Pf , thermal efficiency ηth,
bulk fluid temperature at the outlet T f and pressure drop ∆p. These quantities are
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ρf |~U |dA (either at inlet or outlet areas) is the mass flow rate through
the receiver, Pin is the incident concentrated solar radiation, which is obtained




and 〈cT fp 〉 =
∫ T f
Tin
cpdT/(T f − Tin) are the mean specific heat capacities between Tin
and Tf and between Tin and T f , respectively. The extracted heat (thermal power) Pf
and bulk temperature T f are calculated using the approximations shown in Eq. (5.11)
and (5.13), respectively, for simplicity, which are enough for their prediction. Since
fluid velocity and temperature are imposed at the receiver inlet, the only dependent
variable in the integral of the second term of Eq. (5.11) is the density ρf , which is a
function of the pressure at the inlet through the equation of state.
5.2.5 Receiver characteristics for the reference simulation
In the following, the geometric parameters and properties of the receiver are given,
which were used for the reference simulation. Regarding the porous volumetric
receiver element, the radius and height are rrec = 2.5 cm and L = 5 cm, respectively,
while the mean pores diameter and porosity are dp = 3 mm and φ = 0.9, respectively.
The emissivity and thermal conductivity of the ceramic body are ε = 0.84 [35] and
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λs = 80 W m−1 K−1 [8], respectively, while the emissivity of the side wall material is
εw = 0.8 [10]. An asymmetry factor of the scattering phase function of g = −0.25 was
used, which was very recently determined experimentally for the SiC ceramic foam
[12] . It should be noted that the asymmetry factor g is one of the most important
parameters in the modelling of radiation propagation and absorption in porous
media. The value used was obtained through a combination of the MCRT method
and experimental measurements of hemispherical diffuse reflectance of different
samples of open-cell SiC ceramic foams [12]. The inlet boundary conditions for fluid
velocity and temperature are ~Uin = (0, 0, 1.5) m s−1, considering the same coordinate
system of Fig. 5.1, and Tin = 300 K, respectively, and the pressure at the receiver
outlet is pout = 1.013 25× 105 Pa.
5.3 Results and discussion
The governing equations were solved using finite volume method (FVM) in Open-
FOAM [36], which is an open source CFD software. The validation of the global
model (MCRT and CFD) is presented in the work by Barreto et al. [8], in which a
very good agreement with other model results and experimental measurements was
found. In the following, a detailed parametric analysis and optimisation procedure
are presented, where the effect of porosity, pores size and inlet fluid velocity on the
thermal and hydrodynamic performances are investigated. It should be noted that all
the other parameters are fixed in this parametric analysis with the values presented
in Section 5.2.5 for the selected reference configuration. It should also be noted that
the mass flow rate ṁ in the receiver changes when the internal structure (porosity
and pores size) is modified because a pressure value is imposed at the outlet and
velocity is specified at the inlet. Thus, when the internal structure is changed, the
pressure drop also changes as a result of pressure and density variation at the inlet.
5.3.1 Effect of fluid velocity at inlet
The fluid velocity only affects the fluid flow and heat transfer conditions, with
the spatial distribution of absorbed solar radiation remaining unchanged. Fig. 5.2
presents the effect of varying the fluid velocity on the thermal efficiency (ηth), mean
fluid temperature at the outlet (T f ) and pressure drop across the receiver (∆p). It
should be noted that |~Uin| represents the axial component of fluid inlet velocity,
which according to the coordinates from Fig. 5.1 is the z direction (the velocity
components in x and y directions are zero). Higher values of velocity decreases mean
temperature and increase thermal efficiency and pressure drop. For lower values of
velocity, the receiver is dealing with higher temperatures, which makes the thermal
efficiency to decrease because of higher thermal losses.
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Fig. 5.2: Variation of thermal and hydrodynamic performances of the receiver element with
the fluid inlet velocity.
5.3.2 Effect of porosity
The porosity of the receiver affects the spatial distribution of absorbed solar radiation,
fluid flow and heat transfer conditions. Fig. 5.3 presents the effect of porosity on
the thermal efficiency, mean fluid temperature at the outlet and pressure drop. The
thermal performance is less affected than the hydrodynamic performance (pressure
drop) when the porosity is changed. For a porosity range from 0.7 to 0.93, results show
that there is a maximum of thermal efficiency and mean temperature at φ = 0.875.
The pressure drop is lower for receivers with higher values of porosity.
Fig. 5.3: Variation of thermal and hydrodynamic performances of the receiver element with
porosity.
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5.3.3 Effect of pores size
The pores size also affects the spatial distribution of absorbed solar radiation, fluid
flow and heat transfer conditions. Fig. 5.4 presents the effect of pores size on the
thermal efficiency, mean fluid temperature at the outlet and pressure drop. Results
show that a mean pores size of dp = 3 mm maximise both thermal efficiency and
fluid temperature. The pressure drop is lower for larger pores, and there is a sharp
increase for smaller pores. The different shape of the lines for thermal efficiency and
temperature are due to the change in the total mass flow when different pores size
are used.
Fig. 5.4: Variation of thermal and hydrodynamic performances of the receiver element with
pores size.
5.3.4 Effect of the combined variation of different parameters
In the following, the thermal and hydrodynamic performances are studied for receiver
elements with different combinations of geometric parameters and fluid flow conditions.
Fig. 5.5 presents the thermal efficiency for different values of pores size, porosity
and fluid inlet velocity. In general, higher values of pores size and porosity increase
the thermal efficiency of the receiver. However, since the porosity represents the
amount of solid material in the receiver porous structure, it can be considered as a
constraint for the receiver manufacturing process. Thus, if the porosity is considered
as fixed (constrained), there is a mean pores size that maximise the thermal efficiency.
The optimum pores size decreases with increasing porosity and, for example, for a
porosity of φ = 0.85, the value of pores size that maximise the thermal efficiency
is dp = 4.5 mm for both the fluid inlet velocity simulated, while for a porosity of
φ = 0.9 this value is dp = 3 mm.
Fig. 5.6 shows the mean fluid temperature at the outlet for different values of pores
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Fig. 5.5: Variation of the thermal efficiency of the receiver element with pores size, porosity
and fluid inlet velocity.
size, porosity and fluid velocity. The effect of these parameters on this temperature is
similar to that of thermal efficiency. The main difference is for lower values of pores
size, where the temperature increases steepest than the thermal efficiency (Fig. 5.5
and Fig. 5.6). This difference is explained by the sharp decrease of pressure drop for
increasing pores size (Fig. 5.7), which also causes a sharp decrease of the mass flow
rate.
(a) (b)
Fig. 5.6: Mean fluid temperature at the outlet of the receiver element with different pores
size and porosity for a fluid inlet velocity of: (a) |~Uin| = 0.75 m s−1; (b) |~Uin| = 1.5 m s−1.
The pressure drop is directly related with the pumping power needed to force
the fluid to flow through the receiver. Higher pressure drop means that more power
are needed to pump the fluid. Fig. 5.7 shows the variation of pressure drop across
the receiver element with pores size, porosity and fluid velocity. The pressure drop
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is lower for receivers with higher values of pores size and porosity and lower fluid
velocity, and it is more affected by the variation of pores size than porosity. For
the configurations and flow conditions of Fig. 5.7, the required pumping power is
approximately linearly related to the pressure drop, with values between 0.03 and
57 W.
(a) (b)
Fig. 5.7: Pressure drop across the receiver element with different pores size and porosity for
a fluid inlet velocity of: (a) |~Uin| = 0.75 m s−1; (b) |~Uin| = 1.5 m s−1.
5.3.5 Discussion on the receiver optimisation
The receiver of choice should have good thermal and hydrodynamic performances,
that is, high thermal efficiency while keeping low pressure drop and pumping power.
Regarding the geometric parameters of the receiver (porosity and pores size), higher
values are the choice in most cases to increase the thermal efficiency and to decrease
the pressure drop. Since the porosity affects the thermal efficiency slightly, but
significantly the pressure drop (Fig. 5.3), values of porosity between 0.8 and 0.9
are recommend because low pressure drop is achieved. Once the porosity is chosen,
considering also the structural constraint of the porous media manufacturing, the
pores size of the receiver should be selected in order to maximise the thermal
efficiency while not increasing much the pressure drop. For receivers with porosity
values between 0.7 and 0.8, larger pores size are the choice to improve both thermal
and hydrodynamic performances. Considering the porosity that is being used in
practical applications (φ ≈ 0.85) [12], the pores size of the receiver element should
be dp ≈ 4.5 mm. As for receiver height, small receivers (thicknesses lower than
approximately 5 cm) decrease the pressure drop and pumping power, but may
increase the losses due to the solar radiation transmission. Therefore, in order to
maximise the absorbed solar radiation in the receiver (source of heat), the height
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should be selected such that the losses due to the solar radiation transmission are
negligible. For example, for receiver thickness of 5 cm, the transmission loss is 0.61%
for 0.85 and 4.5 mm of porosity and pores size, respectively.
Regarding the fluid inlet velocity, higher values increase the thermal efficiency and
pressure drop and decrease the mean fluid temperature at outlet. For velocities of
0.75 m s−1 and 1.5 m s−1, the geometric parameters that maximise the performance
of the receiver are approximately the same. Therefore, for a given geometrically
optimised receiver, the velocity of the fluid should be selected as a function of the
desired fluid temperature at the receiver outlet, which can be determined by the
system where the receiver is used, with an upper limit imposed by the available
energy.
5.4 Conclusions
In this work, a detailed parametric analysis and optimisation of thermal and hydrody-
namic performances of a porous volumetric receiver made of SiC open-cell foam in a
solar concentration system is performed using a detailed three-dimensional numerical
model. The model is based on the Monte Carlo Ray Tracing (MCRT) method to
simulate the solar radiation transport and absorption in the porous media, and a
Computational Fluid Dynamics (CFD) model to simulate the fluid flow and heat
transfer phenomena. Mean fluid temperature at the outlet, thermal efficiency and
pressure drop are investigated for different values of porosity, pores size and fluid
velocity.
Results show that thermal and hydrodynamic performances of porous volumetric
receivers are more affected by the variation of pores size than porosity. Higher
values of porosity and pores size are the choice to decrease the pressure drop, but
for thermal efficiency and mean fluid temperature at the receiver outlet there are
optimum working conditions. The optimum geometric and operation conditions to
achieve high thermal efficiency while not increasing pressure drop and not decreasing
the mean fluid temperature correspond in most cases to a receiver with high porosity
and pores size. For a fixed value of porosity, there is a mean pores size that maximise
the thermal efficiency, being this value lower for increasing porosity. Two optimum
configurations are highlighted here, which are a receiver with porosity φ = 0.85 and
a pores size that maximise the thermal efficiency of dp = 4.5 mm, and a receiver with
porosity φ = 0.9 and an optimum value of pores size of dp = 3 mm, with a height of
5 cm.
Higher values of fluid velocity at the receiver inlet increase the thermal efficiency
and pressure drop and decrease the mean fluid temperature at the outlet. For
velocities of 0.75 m s−1 and 1.5 m s−1, the geometrically optimised receivers are
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approximately the same. Then, the velocity of the fluid should be selected as function
of the target fluid temperature at the outlet.
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In this thesis, a detailed three-dimensional numerical model of porous volumetric
receivers coupled to point-focus solar concentration systems was developed and
validated, including the solar radiation propagation and absorption, fluid flow and
heat transfer processes. An experimental investigation was also conducted in order to
validate the solar radiation transfer model and to estimate the radiative properties of
the porous media, which were then included in the global model. The model was used
to conduct a comprehensive and complete parametric analysis of a cylindrical porous
volumetric receiver element made of open-cell SiC (silicon carbide) ceramic foam
aiming to find the geometric parameters and fluid flow conditions that maximise
the receiver performance. The concentrated solar radiation flux at the receiver
aperture was generated by modelling a parabolic dish concentrator, with radiation
propagation and absorption in the porous media being modelled though an in-
house developed Monte Carlo Ray Tracing (MCRT) method. The fluid flow and
heat transfer processes are modelled solving the governing equations using an open-
source Computational Fluid Dynamics (CFD) software (OpenFOAM). The global
model is validated comparing the results with those from previous numerical models
and experimental measurements available in literature. The main conclusions are
presented in the following.
6.1 Development of the detailed numerical model
The global model is designed to use as input the concentrated solar radiation field
at the receiver inlet. This makes it easily adjustable to simulate the performance of
porous volumetric receivers when coupled to different concentration systems, such as
heliostats in tower CSP plants, provided that the incident radiation is previously
obtained, for example, via a ray tracing software. Moreover, the developed model
considers not only the solar radiation intensity, but also the incidence angle, which
is essential to accurately model the radiation propagation inside the receiver (in the
case a heliostat field, for example). Results were compared with reference solutions
available in the literature and good agreement was found. Regarding the fluid flow
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and heat transfer, the LTNE approach is used and good agreement was also found
with other solutions in the literature. Additionally, a detailed study of the effect of
using different assumptions to describe the temperature profiles of fluid and solid
near the side wall when adiabatic boundary condition is assumed is also presented in
this thesis. It was found that using heat flux separation for the solid and fluid leads
to more accurate results.
6.2 Radiative properties of the receiver
Regarding the radiative properties of porous volumetric receivers, the asymmetry
factor of scattering phase function has been determined through the combination
of the numerical model (MCRT) and experimental measurements. For this purpose,
the total hemispherical reflectance of five different samples with optical thicknesses
ranging from approximately 6 to 16 was both measured and numerically modelled. It
was found that radiation scattering in the visible spectrum in open-cell SiC ceramic
foam is slightly backwards, with an asymmetry factor when the Henyey-Greenstein
phase function is used of approximately −0.25. It was also found that the isotropic
scattering phase function underestimates the diffuse reflectance, while the phase
function obtained through modelling of packing of spheres with diffuse reflection
surface overpredicts the diffuse reflectance of open-cell SiC foams.
6.3 Thermal and hydrodynamic performance of the receiver
The porosity and pores size of the porous volumetric receivers strongly affect the
spatial distribution of absorbed solar radiation, temperature of both phases, and
fluid flow and heat transfer conditions. It was found that the pores size is the most
influential parameter. Regarding the concentrated solar radiation flux at the receiver
inlet, it was found that convergent incident angles lead to peaks of temperature in
the solid and fluid. These hot spots exist more often in receivers with high porosity
and pores size. For these conditions, hot spots in the solid material are in the region
close to the focal point of the concentration system, while in the fluid are slightly
downstream in direction of the flow due to the convection. A way to minimise these
hot spots is to design the concentration system or place the receiver in such way
to obtain lower incidence angles at the inlet, which also leads to an increases of
the thermal efficiency because slightly lower temperatures are obtained for this
configuration. It was also found that in the core flow region close to the outlet of
the receiver an inversion of temperature difference may occur, where the fluid is
hotter than the solid, which means that there is heat transfer from the fluid to the
porous structure. This is mainly due to low depth of solar radiation propagation,
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which causes low absorption, and thus low temperature of the porous material in
that region.
It was found that the main thermal losses of porous volumetric receivers are
due to the propagation and absorption of the solar radiation in the porous media
through diffuse reflectance (backscattering). Depending on the porosity and pores
size, a fraction of the incident solar radiation is lost through the inlet plane due to
backscattering. In porous volumetric receivers made of open-cell SiC ceramic foam
the diffuse reflectance is approximately between 14% and 17%. Lower reflectances
can be achieved by using or designing porous structures that provide more forward
scattering, which can be obtained by changing the pores geometry and orientation,
and by improving the optical properties of the porous material. Another technique is
to design the receiver as a cavity for example, aiming at to absorb and redirect to
other part of the receiver some amount of the backscattered solar radiation.
The conditions to achieve high thermal efficiency while not increasing pressure
drop and not decreasing the mean fluid temperature at outlet correspond in most
cases to a receiver with high porosity and pores size. For a given value of porosity,
there is a mean pores size that maximise the thermal efficiency, being this value
lower for increasing porosity. Two optimum configurations are highlighted in this
thesis, which are a receiver with porosity φ = 0.85 and a pores size that maximise
the thermal efficiency of dp = 4.5 mm, and a receiver with porosity of φ = 0.9 and an
optimum value of pores size of dp = 3 mm. In these cases, the maximum efficiency is
79.66% and 79.17%, respectively, while the mean temperature of the gas (air) at the
outlet is 334.38 ◦C and 332.59 ◦C, respectively, for an incident concentrated solar
radiation of 374.86 kW m−2 and inlet fluid velocity of |~Uin| = 0.75 m s−1.
Regarding the velocity of fluid at the receiver inlet, higher velocities increase the
thermal efficiency and pressure drop and decrease the mean fluid temperature at
the outlet. It was found that the geometric parameters that optimise the receiver
performance do not depend significantly of the inlet velocity. Therefore, the velocity
of the fluid should be selected as function of target temperature at the receiver outlet.
6.4 Future work
As for future work, two main research lines can be followed: (i) use of the developed
numerical model to study new designs of porous volumetric receivers in open and
closed systems coupled to different solar concentration systems; and (ii) experimental
study of different samples and designs of porous volumetric receiver elements aiming
to validate the global model with experimental measurements. New designs that
decrease the diffuse reflectance losses through the receiver aperture (cavity receivers
and structured porous media, for example), which is the main way to further increase
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the thermal efficiency, should be considered in the future. For the experimental study,
temperature in the solid and fluid can be measured for different conditions of solar
radiation flux (different positions of the receiver, for example) and fluid flow (mass
flow rate and temperature, for example), and then compared with results obtained
with the global model for the same conditions, which permits to better calibrate
the model. When considering the entire CSP plant (including the thermodynamic
cycle), the main way to increase the global efficiency is the use of a pressurized gas
as heat transfer fluid in the receiver (closed system), as for example, carbon dioxide
at supercritical conditions. Combining this type of receivers with solar concentration
systems with high concentration factors (high temperatures) and a Brayton cycle
will increases the efficiency of the plant.
The developed numerical model includes significant additional details regarding
previous models, but some parts can be further improved. This can be, for example,
modelling of the transient response and further improvements on the boundary
conditions. The latter will increase the accuracy of the results when the model is
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